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Abstract
Vision loss in retinal degenerative diseases is overwhelmingly attributed to damage and death of
retinal photoreceptor cells. Studies in mouse retina have suggested that transplantation of isolated
post-natal or stem cell-derived retinal progenitor cells (RPCs) to replace apoptotic or damaged
photoreceptors may be a novel approach to restore vision. Thus far, outcomes project that the
amount of restored visual response depends upon the migration of transplanted cells from insertio n
in the sub-retinal space to the outer nuclear layer (ONL). However, transplantation efficiency is
exceedingly low – ~5% cells transplanted enter the retina – directly limiting the efficacy of the
treatments. Additionally, the cells left behind can have detrimental effects upon the surrounding
tissue, resulting in further damage to the retina. Understanding of the mechanisms by which the
RPCs migrate into the retina and determining to what extent these mechanisms can be targeted to
control and direct retinal cell migration and integration are key hurdles to overcome the limited
efficacy of current treatments. To that end, we propose a novel set of microfluidic systems that can
recapitulate different aspects of the retinal physiology, to study the role of external stimuli on
retinal progenitor cell migration in a highly controlled manner. To accomplish this, we developed
the μRetina, a novel and convenient biomimetic microfluidics device capable of examining the
migratory behavior of retinal lineage cells within biomimetic geometries of the human and mouse
retina. Real-time images within the device captured radial and theta cell migration in response to
concentration gradients of stromal derived factor (SDF-1).
With the rise of modern electric field-based therapies in wound healing, studied in transcrania l
direct stimulation (TCDS), spinal cord repair and tumor treating fields (TTF), we built upon the
uRetina and we developed the Gal-MμS device, a novel microfluidics device capable of examining
cell migratory behavior in response to single and combinatory stimuli of electrical and chemical
fields. Our data demonstrated that neural cells migrated longer distances and with higher velocities
in response to combined galvanic and chemical stimuli than to either field individually, implica ting
cooperative behavior. These results reveal a biological response to galvano-chemotactic fields that
is only partially understood. To elucidate the underlying mechanism, we performed PCR and
TOP2B inhibitor studies. Bioinformatics analyses implicate possible mechanistic overlaps in the
cell adhesion and cytoskeletal organization pathways.
Having shown in 2D that combinatorial stimulation provokes dramatic improvements in migratio n
distance and directionality, we developed an ex vivo eye-facsimile system, the EVE system. The
EVE system is a novel, physiologically relevant 3D device capable of generating controlled
galvanic and chemical fields to stimulate a 3D alginate-based “eye”. It allows us to mimic the
transplantation process to investigate the migratory behavior of transplanted cells. Our results
show a dramatic increase in penetration depth and penetration efficiency during combinator ia l
stimulation as compared to either stimulation trigger alone and control. These findings highlight
the exciting potential of advancing regenerative transplantation strategies by stimula ting
synergistic cell responses to electrical and chemical stimuli.
Keywords: microfluidics, retinal transplantation, biomimetic, electrotaxis
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Chapter 1: Introduction
Background
The mammalian eye is a complex sensory organ allowing us to observe our surroundings.
The primary sensory structure within eye responsible for the translation of light into a biologica l
signal is the retina. The retina is a layered cellular structure located along the back of the eye. In
brief, the biological process of vision starts with the biological conversion of photonic signals into
electrochemical signals by the phototransduction cells, photoreceptors.

This electrochemi ca l

signal is then passed to the optic nerve, flowing through the optic chiasm, where left and right
visual field information is joined, to the optic tract within the brain. The optic tract terminates in
the later geniculate nucleus (LGN), where the image is relayed to the visual vortex within the
occipital lobe, where the image is processed, see Figure 11 .

Figure 1 Schematic of visual input to the brain displaying the eye major optic nerve pathways, and
the visual cortex.
The primary function of the retina is the electrochemical transduction of photons by the
photoreceptor cells, initiating the entire visual cascade. As such, without these cells, the visual
cycle can no longer occur as normal. Degenerative retinal diseases, such as age-related macular
degeneration, congenital amaurosis, and retinitis pigmentosa are often characterized by the
progressive loss of these photoreceptor cells. This slow loss of the cells is responsible for photonic
signaling in the eye results in progressive blindness in the suffering individuals culminating in
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complete loss of vision of patient. More catastrophically, the retina can be damaged through direct
or indirect insults, such as trauma or light-damage, resulting in immediate loss of vision. As of
2010 approximately 23.5 million people globally suffered from age-related macular degeneration,
the most common retinal disease2 . With the increasing age of the world population, this number
can only grow3 .
The inability of the retina to regenerate and repair damaged photoreceptor cells results in
these conditions becoming permanent. Over the last several decades tremendous effort has been
put into the research of these diseases and methodologies of treatment. However, as of yet, there
is no satisfactory cure many treatments remain symptomatic. A recent study in 2013 demonstrated
that the retina, and thus vision, could be restored via structural regeneration through the use of
exogenously injected cells4 . The efficacies of such treatments are restricted by the number of
viable cells that migrate into and repopulate the damaged retina 1, 2 . Therefore, in order to improve
outcomes it is necessary to understand and characterize the underlying mechanism of migration of
the transplanted cells. As well as addressing how external stimuli can augment the integration of
the injected cells into the damaged tissue.
Structure and Function of the Mammalian Eye
An understanding of the anatomy of the eye and its various structures is key to
understanding how the eye functions as well as the pathophysiology of the diseases that plague it.
The mammalian eye is a complex organ comprised of several structures and tissue types. A simple
structural diagram can be seen in Figure 2.
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Figure 2 Cross section of the human eye displaying optical light path and major anatomica l
structures.
The eye consists of an interior gel-filled region called the vitreous humor and three primary
layers of tissue. The most external layer is formed by the sclera and cornea; the intermediate layer
consists of the iris and ciliary body at the anterior of the eye and the choroid at the posterior of the
eye; and an internal layer composed by the retina 5 . It is this intern most layer, the retina, that is
responsible for photo-transduction and firing action potentials down the optic nerve. It is this layer
that is of interest to us. The retina is a thin structure, approximately 500µm in thickness. Taking a
closer look it can be seen that the retina is a highly stratified and organized structure comprised of
five anatomically distinct layers. As detailed in Figure 3, these layers each contain unique cell
types corresponding to particular functions6 . The most important layers for understanding the
function of the retina are the inner most layer (closest to the vitreous humor) and the outer most
layer, excluding the pigment epithelium (the back of the eyeball). The inner most layer is the
ganglion layer. This layer is comprised of approximately 20 types of ganglion cells, cells which
produce the impulses conducted by the optic nerve.
photoreceptor cells, including both rod and cone cells.

The other layer is comprised of the
These cells are responsible for the

conversion of light into biochemical signals that enable sight. The middle layer is called the inner
nuclear layer and contains many types of horizontal cells, bipolar cells, and amacrine cells. The
bipolar cells serve as a bridge, acting vertically to link the photoreceptors to the ganglion cells,
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In addition to

bridging ganglion and photoreceptor cells, the bipolar cells also act to consolidate informa tio n
from multiple photoreceptors, connecting to as many as 20 different photoreceptor cells 7 . Directly
above and below the inner nuclear layer are two synaptic regions, the inner plexiform layer and
the outer plexiform layer. The inner plexiform layer is the site of the ganglion-bipolar synapse
while the outer plexiform layer is the site of the photoreceptor-bipolar synapses6, 8, 9 .

Figure 3 Layered structure of the retina displaying 6 major cell types and their general arrangeme nt
as well as interlayer connections.
Located between the photoreceptor and the choroid is a layer of tightly packed cells called
the retinal pigment epithelium (RPE). This layer contains a hexagonally packed single sheet of
cells connected through tight-junctions10 . This layer is packed together so tightly that is acts as
mechanical barrier between the inner eye and the blood supply11 , creating an immune privile ged
space within the inner eye similar to the blood brain barrier12 . The cells contained within the RPE
are all heavily pigmented, containing a large number of melanosomes, pigment granules. This
serves two purposes. First, the pigmentation acts to improve the visual system by absorbing
scattered light, and second, to concentrate the heat of that absorbed light at the interface with the
choroid. This allows for the heat to be carried away by the blood flow of the choroid, preventing
damage to the retina13 .
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Of all the cells within the retina, our primary concern is with the photoreceptor cells and
their function. In the typical mammalian retina are two to five types of cone photoreceptors, each
corresponding to a unique wavelength of light, and a single type of rod photoreceptor. Figure 4
shows the typical absorption spectra for the human retina 14 .

Figure 4 Absorption Spectra for Photoreceptor Cells indicating maximum absorption for each
photoreceptor cell type.
In more detail, the light is transduced within the visual pigment of the photoreceptors
through an enzyme cascade. The photons activate Rhodopsin which in turn acts on Transducin (a
GTP

binding

protein).

Transducin

activates

a cGMP hydrolyzing

enzyme

(cGMP-

phosophodiesterase). This enzyme acts on cGMP-gated cation channels, leading to cessation of
ion flow and hyperpolarization of the photoreceptor membrane.

This change in membrane

potential causes termination of the release of the neurotransmitter glutamate to the secondary
neurons of the retina. This leads to activation of the secondary neurons and thus propagation of
the visual signal to the brain15, 16 . Under dark or no light conditions there is baseline release of
glutamate resulting in the “dark current,” the stimuli responsible for repression of visual signal. A
schematic can be seen in Figure 517 .
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Figure 5 Schematic of the Phototransduction Cascade. Displays differences between light and
dark cascade.
The photoreceptors are typically arrayed in a close packed pattern with each cone cell
surrounded by a ring of rod cells. This pattern is consistent throughout the retina, with the
exception of the region near the center of the retina called the fovea. The fovea is devoid of any
rod cells, containing only cone cells. Here the cone cells have aligned themselves in a hexagonal
packed fashion, Figure 618 .

Figure 6 Distribution of cone cells within the fovea centralis. Colors represent different colorsensitivity cone cells.
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The unique structural layout of the retina, both in the 2D arrangement of the photoreceptors
as well as the striated 3D structure, allows for the parallel processing of a wide range of visual
signals.

It allows for the complicated cellular circuit the produces human high-contrast color

vision, Figure 76 . The striated arrangement of the retina allows horizontal and amacrine cells to
span wide regions, connecting multiple photoreceptors cells and collecting wide view-field signals.
These wide-field signals create the background signal.

In parallel, single bipolar cells collect

information from a small number of cone cells, creating narrower view field.

Due to the 2D

arrangement of the photoreceptor cells, the narrower field sits within the wide-field signal leading
to what is known as center surround organization.

This combined with the on/off nature of

different bipolar cells, allows for high resolution, high-contrast signal passing to the brain for
processing.6

While the basic signaling pathway seems straightforward, there are extensive

feedback and feedforward signals between cells of different layers that allow for crisp colorvision19 .

Figure 7 Visual Circuit for the Human Retina
As the initiators of the phototransduction cascade, the photoreceptor cells are the most
important cells in the visual circuit. It is their loss in the diseased state that produces blindness,
and thus are key cells for investigation.
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Retinal Degeneration and Remodeling
Wound repair, in general, is a dynamic process of replacing and recapitulating damaged
tissue and cellular structures in an attempt by the body to heal itself after injury20 . This typically
occurs in hemostasis, inflammation, growth of new tissue, and remodeling20 . However, in retinal
degenerative diseases, during the second phase of healing, primarily concerning the cleaning up
of damaged cells, photoreceptor cells are often lost21,

22 .

This loss of photoreceptor cells is not

compensated by replacement of other like cells as it would be in other tissues in the body, but is
instead seen as a deafferentation of the neural retinal elements. Instead, the repair process within
the retina proceeds in three distinct phases: 1.) photoreceptor stress, prior to their death, which
initiates early remodeling and reprogramming signals within the retina; 2.) ablation of retinal cells,
including photoreceptors, by the microglia and Muller glia; 3.) de novo neurite formation within
the retina21 . This process, as opposed to other tissues within the body, is a form of negative
remodeling. Additionally, this sequence of events forms a final common pathway for nearly all
retinal degenerative diseases21 . As we saw earlier, the photoreceptor cells are responsible for
baseline expression of glutamatergic signaling to downstream neural retinal cells, including the
bipolar cells and the horizontal cells21, 23 . Following insults, prior to photoreceptor cell death, there
is a decoupling of the feedback loops between the photoreceptor cells and the other cells within
the retinal circuit, primarily those signals coming from the retinal pigment epithelium.

This

decoupling causes aberrant sprouting of the photoreceptors through the vertical axis of the retina,
leading to abnormal connections with the inner nuclear layer and the ganglion layer, Figure 8B3 .
Phase 2 is primarily one of cell death and cleaning. Due to the aberrant singling during phase 1,
there is a large amount of photoreceptor death during this phase. The death of the photoreceptors
during this phase leads to the deafferentation of bipolar cell population, resulting in loss of visual
signal to the neural retina. Undergoing a process known as gliosis, the microglia cells migrate
through the retina removing cellular debris resulting from the cell deaths. Additionally, a key event
that occurs during this phase is the formation of a fibrotic glial seal created by the Muller cell’s
distal processes, Figure 8C. The hypertrophic Muller cells almost completely enclose the retina
from the subretinal space, the pocket between the retina and the choroid, forming intermed iate
junctions between local Muller Cells. It is important to note that the Muller cell seal only occurs
in regions where the photoreceptor loss is complete 21,

22 .

Phase 3 follows the seal formation. It is

characterized by major remodeling of the neural retina. With the lack of glutamatergic signaling
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from photoreceptor cells, the bipolar cells, amacrine cells, and ganglion cells begin to grow
processes that search for new synapses. These processes form large interconnected tangles called
microneuromas that can range in size from 20 to over 100µms. The cell outgrowths completely
disrupt the striated structure of the retina resulting in merger of the inner and outer plexifor m
layers24 . This phase ends with complete rewiring of the retinal circuitry into a nonworking,
anomalous network21, 22 .

Figure 8 Cartoon of the Three Stages of Retinal Degeneration Orange – rod and cone
photoreceptors; rod bipolar cells – light blue; cone bipolar cells – dark blue; ganglion cells – light
and dark purple; horizontal cells – olive; GABAergic amacrine cells – red; glycinergic amacrine
cells – green; Muller cell – yellow.
As this is a common pathway for the progression of retinal degeneration for many disease
models, replacement of the photoreceptor signaling is a promising route for treatment.

Current Treatments
As the visual system is the most accessible portion of the central nervous system, it and its
disorders have been widely studied for many years. However, while there has been no satisfactory
cure to the loss of vision associated with degenerative retinal diseases, there have been ongoing
attempts to recapitulate the signaling capability of the retina through progenitor cell injection25-27,
28-31 .

Progenitor Cell Transplantation
Studies have shown that through bolus injection of photoreceptor progenitor cells sight can
be restored in animal models25, 32, 33 . As we have seen, the final common pathway for most retinal
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diseases has its roots in the degradation and loss of the photoreceptor cells, and thus the loss of
their signaling to downstream retinal cells. The primary goal of this treatment is to recapitulate
the lost signaling by repopulating the retina with photoreceptor cells before the remodeling events
can be initiated4 . This concept was demonstrated by Maclaren et al. in 2006 using a mouse model.
In order to show that transplanted cells would integrate into the degenerative host retina, the
authors transplanted postnatal day 1 (P1) green fluorescent protein (GFP) (+) immature retinal
cells into the subretinal space of adult GFP (-) mice at ~8x105 cells per eye. They observed
integration of the transplanted cells into the ONL of the host retina, see Figure 9. This integratio n
suggested that injected cells would be able to repopulate damaged tissues. However, less than 1%
of the transplanted cells integrated into the host retina, meaning that an incredibly large supply of
cells would be necessary to completely replaced those lost through disease 32 .

Figure 9 Integration of Transplanted Retinal Cells at Increasing Magnifications
While the transplanted cells had the morphological appearance of mature photoreceptor
cells, it was necessary to confirm that the cells were light-responsive and appropriately connected.
To determine this, the authors measured light evoked responses from the 7week old rod cell
deficient (rho -/-) mice pups with and without progenitor cell injection.

They found that post

injection, there was a reduction in the luminance required to evoke cellular response from the
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retina, returning towards the wild-type condition, Figure 10. These two bits of informa tio n
confirmed that a cellular treatment of retinal degeneration was possible 34

Figure 10 Light-evoked Retinal Response of Treated and Untreated Rod Cell Deficient Mice
This result has been further confirmed by several studies 25, 32, 35, 36. A recent study in 2012
West et al. took this one step further. They attempted to modulate the chemical environment of
the host retinal environment through addition of ectopic growth factors so as to improve the
survival and integration rate of injected progenitor cells 5 .

From pathogenesis of the retinal

degeneration, the authors realized that the Muller glia seal was creating a barrier, preventing the
transplanted cells from migrating into and repopulating the retina, and that by disrupting this
barrier they could increase the efficacy of the injected cells. Utilizing a combination of two
pharmacological agents, ZO-01 siRNA and ChABC, the authors attempted to increase the number
of cells that integrated into the retina.

Both agents were used to disrupt the outer limiting

membrane and glial scarring that are presented during phase 2 of degeneration by breaking the
cell-cell junctions that form between the Muller glia. They found that, by disrupting these barrie rs
utilizing ectopic factors, they were able to increase the integration and restoration of visual
function by eightfold, Figure 116 . This proves that through careful modulation of the retinal
environment we are able to improve transplanted cell integration into damaged retinas. . However,
while a definite improvement over the previous studies, the authors still showed only ~8% of the
injected cells integrating into the retina. With so few cells integrating, it was not possible to
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confirm that those cells that did integrate resulted in a well-organized layer, as would be needed to
fully restore visual acuity32,

37 .

Figure 11 Number of photoreceptors integrated into disease model vs wild type. B.) Number of
intgerated photoreceptors effect on visual function
While these studies show that it is possible to reconstitute the photoreceptor population
within the damaged retina, they also demonstrate some of the most glaring failures of the current
methodology. The bolus injection of cells results in very low cell viability; low cell integratio n;
and when the cells do integrate, they do not form an organized photoreceptor layer 6-8 . In 2005,
Tomita et al demonstrated proof concept that a biodegradable scaffold could be used to overcome,
at least in part, some of these issues9,

10 .

They transplanted a poly (L-lactic acid)/poly(lactic-co-

glycolic acid) (PLLA/PLGA) scaffold seeded with GFP(+) retinal progenitor cells (RPC) into the
subretinal space of normal (C57/BI6) and rho(-/-) mice. Over the course of 4weeks, the authors
found that the RPCs migrated into and integrated with the host retina, expressing many markers
of mature photoreceptor cells, Figure 1211 . Furthermore, they also showed an increase in cell
delivery on the order of 16fold greater than the traditional bolus method, at ~16%.
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Figure 12 Migration and differentiation of RPCs from polymer composite grafts into the rho−/−
retina. Confocal (A–F, J–L) and epifluorescent (G–I) images of the expression of neural and
photoreceptor markers by RPCs after polymer composite grafting to the eye of adult rho−/− mice
at 2 and 4 weeks after grafting. Constitutive GFP expression (A, D, G, J), antibody/Cy3
immunoreactivity for recoverin (B, E), rhodopsin (H, K), and merged images (C, F, I, L).
Recoverin-coexpressing RPCs were found in the retina of rho−/− mice at (A–C) 2 weeks and (D–
F) 4 weeks after transplantation. Rhodopsin-coexpressing RPCs were found in rho−/− mice at (G–
I) 2 weeks and (J–L) 4 weeks. Abbreviation: RPC, retinal progenitor cell12 .
Microfabrication Techniques
In the last two decades micro and nanoscale fabrication techniques have been adapted from
the electronics applications for use in biology38 . Additionally, with the continued advances in the
micro and nanofabrication technologies, the cost of using such techniques has come down
dramatically39 .

This has led to a dramatic increase in the use of custom made micro and

nanodevices to be employed in biomedical research40 . The two major techniques that have come
to be used regularly and often complementary are photolithography and soft lithograp hy.
Photolithography is a process, that can be likened to photography, by which a geometric pattern is
transferred from a photomask to a thin film of a light-sensitive chemical (photoresist) that has been
deposited onto a substrate, typically a monocrystalline silicon (Si) wafer 41 . The pattern transferred
is determined by the design on the photomask, which has regions that block light and others that
allow it to pass through, determining that regions of the photoresist that are exposed. Based on
the “tone” of the resist, light exposure will have different effects upon the resist. The photoresist
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can be either positive tone or negative tone. A positive tone
resist becomes soluble in its developer when it is exposed and
a negative resist becomes insoluble in its developer. Once
exposed, the unwanted photoresist is selectively removed by
a developing solvent, which will remove all the soluble resist
from the surface of the substrate41 .

Additionally, this

photoresist layer also determines the thickness of the pattern
transferred. The thickness is determined by the viscosity of
the resist and the rotational velocity at which it is spun onto
the wafer13 .

After developing and heating, the pattern

becomes rigid and can be used for the second form of
lithography42 . An overview of the process can be seen in

14 .

Soft lithography is the process of stamping a pattern from a hard “master” onto a soft
elastomeric molds. In many biological applications this soft
elastomer is polydimethylsiloxane (PDMS). It has a multitude

Figure 13 Schematic
illustration of the four major

of beneficial properties, especially when considering cell work.

steps involved in soft
easily lithography and three major
functionalized, all important aspects to consider when working
soft lithographic techniques
43
with live cells . Once patterned, the PDMS is often bonded to
It

is

oxygen

permeable,

optically

clear,

and

a glass surface, creating a fluidically seal system, useful for analyzing cellular functions 40,

44 .

More than one layer can be patterned onto a substrate, useful in the production of more
complicated structures that have a variety of feature thicknesses. This is done by repeating the
standard photolithography processes with different photomasks. Due to the size scale, alignme nt
is important, and to ensure that the photomasks are aligned with the substrate, a mask aligner is
often used. This allows for precise positioning of the substrate and the photomask relative to one
another. This multistep process is utilized in creating microfluidics systems 45 including mixers4 6 ,
cell sorters47 , and lab-on-chip devices15 .
Specific Aims and Summary
While these studies demonstrate that a cellular method for retinal regeneration is possible,
the field is still in its infancy16 . There has been little work done on identifying the cellular and
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molecular signals involved in the integration process. Since the cells must move from their place
of insertion into the retina, their migration marks a key mechanism for tuning improvement. Of
primary concern is the mechanism governing the progenitor cell’s migration and what methods
can we employ to control and tune it so as to increase treatment efficacy and patient outcomes.
These studies highlight

the importance

of cell migration

in transplantation

therapies.

Understanding of the mechanisms by which the RPCs migrate into the retina and determining to
what extent these mechanisms can be targeted to control and direct retinal cell migration and
integration are key hurdles to overcome the limited efficacy of current treatments. To that end, we
propose a novel set of microfluidic systems that can recapitulate different aspects of the retinal
physiology, to study the role of external stimuli on retinal progenitor cell migration in a highly
controlled manner.

Aim 1: Detecting Retinal Progenitor Cell (RPC) migratory behavior in the presence of a chemical
stimulus.
1A.) Design a fluidic device which mimics the geometry and scale of mouse and human retinas.
sing modern soft lithographic techniques, we have developed the μRetina, a novel and
convenient biomimetic microfluidics device capable of examining the migratory behavior of
retinal lineage cells within biomimetic geometries of the human and mouse retina. Coupled
computer simulations and experimental validations were used to characterize and confirm the
formation of stable chemical concentration gradients within the μRetina.
1B.) Measure cell viability and cell migration towards cytokine fields.
RPCs viability was measured within the uReitna to comparable to those cultured in
traditional culture flasks. Additionally, cell morphology and lineage were not significantly altered.
Real-time images within the device captured radial and theta cell migration in response to
concentration gradients of stromal derived factor (SDF-1), a known chemoattractant. Migratio n
analysis showed cells migrating above a threshold concentration of 100ng/mL of SDF-1 at a rate
of 2.83µm/hr.

Aim 2: Identify RPC migratory behavior in presence of chemical and galvanotactic stimulation.
It is known that during wound healing events, cells will sense endogenous electric fields
created by the injury event, and that these electric fields plays a role in inducing and guiding cell
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It is proposed that electric fields could provide a noninvasive tool to aid in

directing cell migration6,

19, 20 .

Further, we propose that applied electric fields could be used to

direct RPC migration and that it could provide a complimentary enhancement along with growth
factor induced migration. These studies aim to examine the migratory behavior of RPCs in
response to electric fields alone and in combination with chemical fields.
2A.) Utilize microfabrication techniques to design a fluidics device that can provide controlled
stimulation of both electric and chemical fields.
Using multi-step photolithography and soft lithography, we created a two-tiered microfluid ic
device called the Galvanic Macro-micro System, or Gal-MµS. The Gal-MµS consisted of two cell
seeding regions separated by a 100µm-wide microchannel array. Computational modeling was
performed to estimate small molecule diffusion kinetics within the Gal-MµS for static and
controlled flow conditions. The static condition provided information on bulk diffusion within the
system, while controlled flow demonstrated that diffusible signals could be sequestered to one side
of the device. Computational modeling was confirmed experimentally with fluorescent tracers.
2B.) Provide evidence of cell viability and characterize cell migration towards electric fields.
Four nervous system cell types and one control cell type were used to assess viability within
the Gal-MµS. all five cells lines showed viability to be greater than 90%. We utilized real-time
imaging within the device to capture cell trajectories for five cells lines in response to electric
fields. Our data demonstrated that the cells stimulated via electrotaxis display high directionality,
as well as rapid migration towards the stimulating cathode.
2C.) Characterize cell migration in complementary electric and chemical fields.
We utilized real-time imaging within the device to capture cell trajectories for five cells
lines in response to electric fields and chemical gradients, individually, as well as in combinator y
fields of both. Our data demonstrated that neural cells migrated longer distances and with higher
velocities in response to combined galvanic and chemical stimuli than to either field individua lly,
implicating cooperative behavior.

Aim 3: Design and develop a 3D in vitro system which adequately mimic an eye, to study the
effects on combined stimulation fields on transplantation efficiency in vitro.
Using 3D rapid prototyping techniques, we developed a unique 3D multi- layered PDMS
system, called the Ex Vivo Eye-facsimile System or EVES. This system, when combined with
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sodium alginate beads, can generate mutltple tunable chemical and electrical stimulation fields to
drive retinal progenitor cell infiltration into the eye facsimile. Results suggest that a combined
stimulation approach could dramatically improve transplantation efficiency by as much as 400%.
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Chapter 2: A model microfluidics-based system for the human and
mouse retina
Introduction
Degenerative retinal diseases, such as age-related macular degeneration (AMD) and
retinitis pigmentosa (RP), are often characterized by the slow and progressive loss of photoreceptor
cells, which are retinal cells that convert photons into electrical signals 20,

21, 48 .

The inability of the

retina to repair and regenerate damaged photoreceptor (PR) cells results in permanent loss of vision.
Recent studies have demonstrated abilities to repopulate the retina with functional PR cells via
transplantation of post-natal or stem cell-derived retinal progenitor cells (RPCs)21, 49 . Functiona l
outcomes currently indicate that the amount of restored vision heavily depends upon the migratio n
of transplanted cells from insertion in the sub-retinal space to the outer nuclear layer (ONL) of the
retina21-23, 50 . A significant hurdle to functional photoreceptor cell replacement is the restricted
number of viable cells that migrate into damaged retina during transplantation24,

48, 49 .

Further,

limited optical accessibility and transparency of the retina and pigment epithelium (RPE) make it
difficult to observe movement of motile, transplanted cells within the retina in vivo51 . The use of
explanted retinal tissue is limited for the study of chemotaxis due to rapid degeneration of neural
tissue25 . Hence, to functionally repopulate the retina, it is vital to characterize and augment the
migration of transplantable RPCs. To achieve this goal requires, first, understanding of the
chemotactic mechanisms by which the RPCs migrate into the retina and, second, determining to
what extent these mechanisms can be targeted to control and direct RPC migration.

A

microfluidics-based system provides an excellent platform with which to examine the molecular
signaling guiding migration of transplanted RPCs, as such devices are comprised of tightlycontrolled microenvironments that facilitate detailed and quantitative characterization of cellular
processes and behaviors26 .
A number of microfluidics systems have been developed over the past decade for the study
of cells derived from the central nervous system (CNS)25, 27, 28 . These systems have been designed
to examine multiple phenomena,
degeneration53-55 , and drug delivery24,
techniques, such as forced flow53,

including neuronal and glial co-culture29-31,
53, 56 , among

52, 53 ,

axon

others, while utilizing a milieu of engineer ing

57 , micropatterning56, 57 , diffusion-based

flow, 2D cultures, and

3D cultures to do so5, 24, 53 . However, there have been a limited number of systems designed to
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model the visual system58, 59 , and even fewer that further our understanding of cell migration and
signaling within the retina53,

60 .

In this study, we have developed a convenient, diffusion-based microfluidics system that
replicates the geometry and scale of the mouse and human retina, called the microRetina (µRetina).
Our system is designed to facilitate examination of cell responses to steady-state concentratio n
profiles and concentration gradients to provide critical insight into RPC migratory response, so as
to aid in transplant therapies for retinal diseases. RPCs were cultured in these retinal-mime tic
systems for 48 hrs to enable study of cell migratory behavior. RPC responses to the exogenous
growth factor stromal cell-derived factor 1 (SDF-1), a known chemoattractant for CNS-derived
cells, was measured in the presence of different concentration gradients of SDF-1. Our results
illustrate that there is a threshold concentration gradient which will elicit directed migrator y
behavior from RPCs.

Methods
System Fabrication
The µRetina design is fabricated using conventional photolithography and elastome ric
molding, as shown in Figure 14. A patterned design was imprinted onto a 4-in-diameter silicon
wafer, as described previously by our laboratory32 . The negative photoresistive polymer SU-8
2075 (Sigma Aldrich) was first spin-coated at 1000rpm for 30 seconds onto the wafer surface. The
wafer was then pre-baked, on a hot plate, at 65o C for 5 mins, followed by an additional 15 mins at
95o C. The wafer substrate was next irradiated with UV light (wavelength λ=360nm) with an
intensity of between 215-240mJ/cm2 for 23 secs, as seen in Figure 14B. Afterwards, the wafer
was post-baked on a 65o C hot-plate for 5 mins followed by 10mins on a 95 o C hot-plate. Lastly, the
substrate was immersed in a complementary developer solution (Microchem, Newton, MA),
leaving the desired 100-micron-thick pattern on the wafer surface.
The patterned substrate was then placed into a custom-made aluminum housing, where
20mL of polydimethylsiloxane (PDMS) was poured atop the wafer to produce an elastomer of 23mm thickness, as seen in Figure 14C. An aperture of 100µm diameter was then created through
each PDMS reservoir to generate two injection ports used for addition of cell media, biomolec ules
and cells as needed.
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To ensure permanent attachment, the PDMS elastomer was treated with oxygen plasma for
a total dosage of 30seconds and attached mold-side down to an O 3 -plasma treated glass microscope
slide (VWR 48300-036), to produce the finished microdevice, as seen in Figure 14D and E.
Computational Model
A two-dimensional numerical simulation of molecular transport within the µRetina system
was performed using a finite element model of the device created using COMSOL Multiphys ics
4.3 (COMSOL Inc., Burlington, MA).

An effective diffusivity of 2.14x10 -7 cm2 /s was used to

model transport of SDF-1 within the retina, as detailed previously by our group33 . The effective
diffusivity outside of the retinal space was set to 1 x10 -6 cm2 /s, to better approximate the effective
coefficient of SDF-1 within water. All physical boundaries of the microsystem were regarded as
insulated boundaries of mass transfer and momentum transport as only trace amounts of Dextran
were observed to permeate through PDMS surfaces over 24 hrs.

Mesh quality was adjusted to

4800 mesh points for the mouse model and 7000 mesh points for the human model, to ensure
simulation accuracy.
Gradient Formation
An inverted epifluorescent microscope (Nikon) with a 10x objective (Nikon, Morrell
Instrument Co. Inc, Melville, NY) was used to image the µRetina systems via CCD camera (Spot
Insight, Diagnostic Instruments, Inc ) utilizing SPOT Software (Spot 5.0). A 2% hyaluronan (HA)
solution was injected into the µRetina to create a 3D matrix that mimics the interphotoreceptor
matrix (IPM) within the retina33 . Both reservoirs were then filled with media. The Source reservoir
contained 25uL of 100ng/mL of 10kDa dextran conjugated to alexafluora red (Life Technologies)
to model small molecule diffusion through the HA matrix. The concentration gradient within the
arch compartment was then measured via fluorescence microscopy (Zeiss).
Cell Culture
Multi-passage mouse retinal progenitor cells (RPCs)25 were cultured in polystyrene culture
dishes in Neurobasal medium (NBM ; Invitrogen-Gibco, Rockville, MD) containing 2 mM Lglutamine,

100 mg/ml penicillin–streptomycin,

20 ng/ml epidermal growth factor (EGF;

Invitrogen-Gibco) and neural supplement (B27 and N2; Invitrogen-Gibco), as per (Redenti et al.
2009). Cells were maintained in a bio-incubator at 37o C and 5% CO 2 , and media was refreshed
every 3-4days. 95% Confluent cells were detached and utilized for immunofluorescence and
device characterization.
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Immunofluorescence
RPCs were seeded onto glass bottom chamber slides (Nunc Lab-tek II, Sigma-aldr ic h)
coated with a poly-L-lysine and Laminin mix (.02ug/mL and10ug/mL, respectively) at a cell
density of 5x105 cells/mL. Cell samples were allowed to adhere for 6 hrs, and then rinsed 3 times
for 10 min each in PBS, blocked, and permeabilized in PBS containing 10% goat serum, 1% BSA,
and 0.1% Triton-X for 2 hrs. Samples were then incubated with primary antibodies diluted in
blocking buffer for 12 hrs at 4 C, the antibodies and their dilutions were as follows: Paired Box
Gene 6 (Pax6) (Life Technologies) 1:20, Sine Oculis Homeobox Homolog 3 (Six3) (Fisher
Scientific) 1:100, Orthodenticle Homeobox 2 (OTX2) (Fisher Scientific) 1:200, and cone-rod
homeobox (CRX) (Life Technologies) 1: 100. Samples were then rinsed 3 times for 10 mins each
in PBS and Hoescht 33258 (Invitrogen) nuclear stain for 2 hrs at room temperature. The samples
for Pax6 and CRX were also incubated with a rhodamine-conjugated secondary antibody 1:800
(Life Technologies) during this time. Finally, samples were rinsed 3 times for 10 min each in PBS
and sealed in mounting medium (Life Technologies) for epifluorescent imaging using a Leica
confocal microscope.
Boyden Chamber Assay
700 µL of cell culture media was added to each well of a 24 well plate. This was followed
by the addition of 7 µL of 100 ng/mL of SDF-1 two the test wells. A laminin-coated Bodyen insert
(CytoSelect, Cell Biolabs) was added to each well. 300 µL of cells at 10^6 cells/mL were added
to the upper chamber. The cells were then incubated overnight, for 17 hrs. The cells were then
fixed and stained for analysis.
Measurement of Cell Migration
RPCs at a density of 5x105 cells/mL were suspended within a 2% HA solution and injected
into the arch compartment of the µRetina. Cells were then incubated for 2hrs at 37 o C to allow for
cell attachment to the matrix. After incubation, 20 µL of SDF-1 was added to the source reservoir
at either 100 ng/mL or 10 ng/mL concentration. The systems were then placed in an incubated,
motorized stage of an inverted microscope (Nikon TE2000) with a 10x objective housed in a
humidified incubator (Okolabs, NA, Italy) and imaged every 30 min for 18 hrs. The temperature
in the incubator was maintained at 37°C with 5% CO 2 /balanced air supply. Live cell images of 5060 cells/cell clusters throughout the arch compartment were obtained at 30-min intervals over an
18-hr time periods for each SDF-1 test concentration.
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Data Analysis
Image analysis for the ICC images was performed utilizing NIS Elements (Nikon). Visual
counting was used to determine total numbers of cells and numbers of cells expressing each marker
in order to derive percent expression.
Parameters of cell motility (Mo ), maximum accumulated distance (Mi) and average speed
(𝑆 ̅) for each cell tracked were resolved via The Manual Tracking and Chemotaxis and Migratio n
Tool 2.0 (ibidi, Verona MI) plug-ins, all running on an ImageJ platform (NIH). Cell movement
was tracked as a vector in polar coordinates of radius, R, and angle, θ. Maximum accumulated
distance and average speed were compared between the two test concentrations of SDF-1.
A Student’s t-test and least squares fit were used to measure and analyze the data using
Matlab r2014a (The Mathworks, Inc).

A least squares fit was calculated between the

computational concentration profiles and experimentally measured profile.

The t-test at 95%

confidence was performed to determine the disparity between the two concentration gradients,
where only p-values <0.05 were considered statistically significant.

Results and Discussion
Device Design
The µRetina system was designed to generate a steady-state concentration profile within
the arch compartment via diffusion. Two variations of the device were developed, one to mimic
the mouse retina and the other to model the human retina, whose dimensions are shown in Table
1.
The human µRetina system consists of a PDMS elastomer bonded to a glass microscope
slide that houses a closed microchannel and two fluidic reservoirs, a sink and a source, within the
elastomer, as shown in Figure 15B. The device is composed of three regions connected in series
by 2 sets of microchannels. The top and bottom reservoirs are labeled as the source and sink,
respectively, while the central compartment is comprised of an arch-shaped gradient µchanne l.
The source has a radius, Ri, of 4500 µm, and is connected to a set of 3 parallel inlet microchanne ls,
each 200 µm in thickness and 8000 µm in length. These inlet channels feed into the top of the
arch compartment. The arch compartment itself is a tapered construct, with a maximum width,
RW , of 400 µm at the middle, and tapered symmetrically to a minimum width, W end, of 165um at
both ends. The inner radius of the arch, RC, is 13500 µm producing a total arc length of 42000
µm, which is within the range of measured values reported for the average human retina 35 . The
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arch compartment both replicates the geometry of the human retina, as well as facilitates the
creation of a controlled concentration gradient in the R and the θ directions. The arch compartment
is connected to the sink reservoir by a set of 5 microchannels, 150 µm wide and 8000 µm long,
that project radially from the sink reservoir and are spaced 15 o apart. The sink reservoir is a mirror
image of the source reservoir with a radius, RO, of 4500 µm and a depth of 4mm. The volume of
the entire system is 100 µL, confirmed via syringe pump. A large bridge channel is then manually
cut 2 mm deep by 9 mm wide by 2 cm long along the top of the PDMS layer to fluidically connect
the source and sink reservoirs.
The mouse µRetina system, similarly to the human system, consists of a layer of PDMS
bonded to a glass microscope slide with a closed microchannel contained within the PDMS layer,
as shown in Figure 15A. The device is composed of two compartments, a fluidic reservoir and an
arch shaped µchannel. The reservoir is situated adjacent to the top of the arch. The arch has a
maximum width, RW , of 200 µm in the middle and then tapers down symmetrically to a minimum
width, Wend, of 10 µm at its two ends. The inner radius of the arch, RC, is 1000 µm providing a
total arc length of 3140 µm, which is within the range of measured values reported for the average
mouse retina61 . The total volume of the system is 10 µL. A geometric comparison of the two
systems is provided in Table 2.
µRetina Operation
The overall human µRetina system works by using the large volume of the source and sink
reservoirs to generate concentration gradients within the smaller volume of the arch compartment.
Media containing cells in suspension is manually loaded into the bridge channel until the entire
device is filled, followed by addition of the desired concentration of the chemical of interest into
the source reservoir. As has been described in our labs previously developed microdevices 32 , the
large volume of the bridge channel and reservoirs compared to the arch compartment enables
sustained transport within the channel for up to 7 days. To further extend this time scale and to
further control the concentration gradient, a 3D HA matrix with density corresponding to that of
the interphotorecepter matrix (IPM) present within the retina was added to the arch compartment.
This serves not only to extend time-scales for experimentation, but also imposes a barrier to limit
the effects of convective bulk flow due to hydrostatic differences 62 . The use of HA results in a
system, within the arch compartment, defined purely by Fick’s laws of diffusion. As the system
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contains complex geometry, it was solved computationally utilizing Comsol Multiphysics 4.3. At
each node point, the diffusion was characterized by the mass balance equation, shown in Eq. 1:
𝛿𝑛(𝒙, 𝑡)
+ 𝒖 ∙ ∇𝑐 = ∇ ∙ (𝐷∇𝑛(𝒙, 𝑡))
𝛿𝑡

1.)

where n(x,t) is the concentration of the diffusing material at the location x = (x,y) and time,
t. D denotes the diffusion coefficient for the diffusing species, and u is the velocity vector at the
location x and time t. The first term on the left-hand side corresponds to the accumulation of the
species. The second term is the convective term due to velocity field u. The right-hand side defines
the diffusion transport. Measurements of the flow of microbeads within both μRetina systems
demonstrated negligible bulk flow, eliminating the u term to reduce the mass balance to Eq. 2,
shown below:
𝛿𝑛(𝒙, 𝑡)
= ∇ ∙ (𝐷∇𝑛(𝒙, 𝑡))
𝛿𝑡

2.)

The elegant design of our system enables a straight-forward and unforced setup. That is,
after loading there is no need for further instruments to establish a chemical concentration gradient.
Furthermore, the unique geometry facilitates symmetric diffusion within the arch compartment.
Validation of Microenvironments
The concentration profiles developed in the µRetina system were modeled computationa lly
and verified experimentally, as seen in Figure 16. The computational model indicates that the
concentration profile, traced at a constant radius along theta, θ, exhibits an exponential decay
approaching the terminal ends of the device, Figure 16C-D. This decay is symmetric about the
center line of the arch compartment. This indicates a change in concentration of several orders of
magnitude in the concentration gradient along the compartment. Furthermore, the computatio na l
model indicates that the concentration profile reaches steady-state in 1800 sec in the human system
and 360 sec in the mouse, as shown in Table 2.
Computational results were validated against experimental measurements within the
fabricated µRetina using a model fluorophore (Dextran) to mimic SDF-1. The fluoresce nt
intensity of dextran was measured, as a representative of the concentration, from the apex of the
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µRetina arch to the terminal ends on either side after establishing steady-state. Figure 16D shows
the computational projection, dashed, plotted alongside experimental observations, solid. As
shown, the experimental data has a correlation coefficient of R2 =0.9855 with the predictions of the
computational model.
Cell Viability, Morphology and Lineage
An initial set of experiments was performed to examine cell viability, morphology, and
clustering within our µRetina system for prolonged periods of time. Here, RPCs were injected
within a 3D HA matrix into the device and monitored for 48 hrs. Images in Figure 17 illustrate
cells within different sections of the device after 48 hrs, as well as images of cells cultured in HA
within tissue culture flasks. The cells appear in small clusters with dendritic like cells projecting
away from small clusters in both cases. Cell shape index (CSI) analysis, shown in Table 3,
illustrates that cells are elongated with an average CSI of .217. This is comparable to what is seen
on HA in the culture dishes, average CSI = .353, suggesting that there is minimal confine me nt
effect on cell morphology.
ICC experiments were next employed to examine four specific markers of cell lineage for
the retinal RPCs. Figure 18 illustrates that 96.67% and 91.56% of cell samples expressed the
markers Pax 6 and Six3, respectively, to indicate that RPCs were multipotent. Further, 97.72% of
samples additionally expressed the OTX2 marker, which suggests that the RPCs may be
developing toward photoreceptor cell fates. Lastly, 15.79% of OTX(+) cell samples expressed
CRX, which suggests development toward photoreceptor fates. The limited expression of this
maker along with the strong presence of OTX2, Pax6 and Six3 verify that the RPC samples have
the potential to acquire photoreceptor precursor fate. A number of studies have transplanted RPC
with comparable ICC profiles32 .
Measurement of Cell Migration
The final set of experiments used the µRetina system to examine the migration of RPC
cells within controlled microenvironments of SDF-1. SDF-1 was selected because Boyden
chamber migration assays demonstrated the effectiveness of SDF-1 as an effective chemotaxic
agent for RPCs, as seen in Figure 19. SDF-1 was tested for motility induction at a concentratio n
of 100 ng/mL. Using Student’s t-test, significant increases in RPC migration were observed with
the administration of 100 ng/mL SDF-1, 165±47.958 cells/well, over the control, 11.4±5.12
cells/well (n=5 Boyden chambers, with a p-value of .002), as seen in Figure 19. Cells were inserted
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into the µRetina and allowed to adhere before SDF-1 was injected into the source reservoir of the
system, Rs, and transported within the µRetina to generate the concentration profiles validated in
Figure 3C. As shown in Figure 20, no significant RPC cell movement was seen over an 18-hour
period within concentration profiles generated by 10ng/mL of SDF-1 in the system. By contrast,
RPCs were seen to migrate in a very directional manner in (R,θ) towards increasing concentratio n
gradients when 100ng/mL of SDF-1 were used. As shown, cell trajectories were along the theta
direction, remaining linear with R. The values of average cell speed, S, and maximum accumulated
distance per cell at 100ng/mL illustrate that there is significant directed movement, averaging
34.6um ± 1.7um over 18hrs with an average velocity of 2.83um/hr ±.096um/hr. Initially the cells
move primarily through θ, followed by movement primarily in the R direction.

Figure 16

corroborates this, as at the edges of the arch compartment, the concentration gradient is changing
largely with θ dependence, and at the plateau region the concentration gradient no longer depends
on θ but solely upon R. At 10ng/ml there was zero measurable movement of RPCs throughout the
18 hr study. Since the matrix replicates the density and diffusion characteristics of the retina, this
data provides insight into the anticipated behavior of RPCs within a SDF-1 primed retina. The
stark difference in the behavior between the two concentration gradients indicates that there is a
threshold concentration at which RPCs respond, suggesting a potential mechanism by which to
manipulate RPC migration. As the system is based purely on diffusion, it enables numerous
combinations of cytokines and small molecules to be used to manipulate and tune RPC migratio n
through desired concentration gradients. However, to determine the extent of the biphasic behavior
or concentration dependence, the migration at additional concentrations must be measured.

Conclusions
We have developed a novel and convenient biomimetic microfluidics device to exam the
cell migration behavior within the geometry of the human and mouse retina. The design details a
novel platform in the ophthalmologic field, providing a model system through which to study
behavior of PR cells. Coupled computer simulations and experimental validations characterized
and confirmed the formation of chemical concentration gradients within the µRetina, while R-θ
imagers captured cell migration in response to high and low concentration gradients of SDF-1.
The µRetina system demonstrated dual behavior between the two concentrations:

The low

concentration illustrated no movement while the high concentration showed significant directed
movement along increasing concentration gradient, indicative of chemotaxis.

Divergent cell
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behavior between the concentration gradients illustrates that, to some degree, retinal cell migratio n
within the retina can be tuned by utilizing cytokine gradients. This initial data is an encouraging
step toward utilizing microtechnology to improve our understanding and treatment of retinal
diseases.

Figures and Tables

Figure 14 µFabrication processes used to construct the µRetina system. A.) A
prepared silicon wafer is spin coated with a thin, uniform film of SU-8 photoresist. B.) The
coated wafer is then aligned and brought into close contact with a photomask consisting of
quartz covered with a pattern of chrome. The UV light passes through the unchromed quartz to
cross-link the photoresist in the underlying region, making the photoresist insoluble in the
complementary developer solution. Development removes the unexposed photoresist so that the
desired microscale pattern remains on the wafer surface. C.) An elastomeric stamp utilizing a
replica-molding technique is created by casting liquid PDMS on the relief of the pattern on the
silicon wafer. As the PDMS cures, a precise negative pattern of the microscale pattern is created
on its surface. D.) A microfluidics device is created by bonding the PDMS substrate containing
the micropatterned features with a glass microscope slide. E.) A finished µRetina
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Figure 15 Design of Human and Mouse µRetina Systems. A.) The human µRetina
device is composed of three compartments connected in series by a set of microchannels. The
top and bottom compartments are labeled as the source and sink reservoir, respectively and are
centered around an arch-shaped region. The source reservoir is located at the top of the device,
with a radius, Ri, of 4500 µm, and is connected to a set of 3 parallel inlet microchannels, each
200 µm in thickness and 8000 µm in length. These inlet channels feed into the arch
compartment. The arch is a tapered construct, with a maximum width, RW, of 400 µm, and tapers
symmetrically to a minimum width, Wend, of 165 µm at its ends. The inner radius of the arch,
RC, is 13500 µm providing a total arc length of 42000 µm. The arch compartment is connected to
the sink reservoir, with radius Ro = 4500 µm, by 5 equally spaced channels, each 150 µm thick
and 8000 µm in length. B.) The device is composed of a large reservoir compartment and an arch
shaped gradient compartment. The reservoir is situated adjacent to the apex of the arch. The arch
compartment has a maximum width, RW , of 200 µm and then tapers down symmetrically to a
minimum width, Wend, of 10 µm at either ends. The inner radius of the arch, RC, is 1000 µm.
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Figure 16 Computer Derived Concentration Profile within Mouse and Human
μRetina Devices. A.) Steady-state concentration profile for SDF-1 within the mouse µRetina
device B.) The concentration profile within the mouse µRetina, traced at the arch midline along
the θ dimension. The concentration profile exhibits an exponential decay approaching the
terminal ends of the arch. This decay is symmetric about the center line of the arch
compartment. C.) Steady-state concentration profile for SDF-1 within the human µRetina device
D.) Computational concentration profile within the human µRetina, dotted line, traced at a
constant radius along the θ, exhibits an exponential decay approaching the terminal ends of the
device. This decay is symmetric about the center line of the arch compartment. The solid line
shows the experimental measurements for the concentration gradient profile within the μRetina
using a tagged Dextran model.
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Figure 17 RPCs in vitro culture within the μRetina Device after 48hrs. A and B.)
RPCs on HA within the μRetina device. The line at the bottom of each image is the edge of the
arch compartment. Scale bar = 50μm C.) RPCs on HA in a polystyrene culture dish.
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Figure 18 Markers of Cell Lineage for Retinal Progenitor Cells. A.)Cell stained for
Pax 6 expression (red) and b.) Six3 (green), respectively, indicate that cells were of the retinal
progenitor cell lineage. C.) Samples additionally expressing OTX2 (green), which indicates that
the cells were in the Early Photoreceptor Progenitor stage. D.)Samples stained for CRX
expression, which denotes terminally-differentiated rod and cone photoreceptor cells. E.) Control
samples stained with the 2o antibody, to check for nonspecific binding. All nuclei were stained
with DAPI (blue).
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Figure 19 Boyden Chamber Analysis for RPC under the Influence of SDF-1. Adding
SDF-1 to the Boyden chamber resulted in a significant upswing in the number of migrating cells,
compared to the control, indicating it is a potent chemotactic agent for RPCs

Figure 20 Cell Migration in Response to SDF-1 Concentration Gradients. Circles
indicate the average position of cells subject to concentration gradients generated by addition of
100ng/mL SDF-1. Triangles indicate the average position of cells exposed to concentration
gradients generated by addition of 10ng/mL SDF-1. Cells subjected to 10ng/mL exhibited no
displacement throughout the 18hrs of the migration study. Conversely, the cells subjected to
100ng/mL showed correlated movement towards the regions of higher concentration of SDF-1.
These cells displayed an average movement of 2.83±0.96µm/sec
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Table 1 Clinical measurements of key components of the human and mouse visual
system.
Key Features

Human Eye

Mouse Eye

Length

24mm

3.37mm

Diameter

28mm

3.32mm

Aqueous Humor

260µL

4.4µL

Vitreous Humor

5.2mL

5.3µL

Retinal Arc

32-51mm

3-5mm

Retinal Area

1024±184mm2s

15.6mm2

Retinal Subtense

300µm/deg

31µm/deg
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Table 2 μRetina Design: Summary of Key Parameters within Human and Mouse μRetina
systems
Specifications

Symbol

Human μRetina
(μm)

Mouse μRetina
(μm)

Inner Radius

RC

13500

1000

Min Width

W end

165

10

Max Width

RW

400

200

Height

H

110

110

Total Volume

VT

125μL

10μL

Inlet

Ri

4500

N/A

Outlet

Ro

4500

N/A

Steady State Timing

Ts

1800sec

360sec
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Table 3 Cell Shape Index. Average values of CSI of RPCs within the human μRetina and
culture flasks. Three substrates were used in the culture flasks. HA and Laminin, two ECM
components regularly found in the IPM and polystyrene as a control. HA was used in t
Coating

Average CSI

HA: Dish

0.353±0.108

Laminin:Dish

0.567±0.088

Polystyrenel:Dish

0.481±0.023

HA:uRetina

0.217±0.043
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Chapter 3: A Gal-MµS Device to Evaluate Cell Migratory Response
to Combined Galvano-Chemotactic Fields
Introduction
The coordinated movement of groups of cells is critical for many biological processes at
nearly all stages of life63,

64 .

Physical and chemical guidance cues play critical roles in mediating

these cells’ migratory responses. Many external guidance cues have been identified and studied
to elucidate their underlying mechanisms in controlling cell migration64,

65 .

Mechanisms of cell

migration and cellular interfaces with the surrounding microenvironment are not only significant
to cell biological function but also critical to cell-based regenerative therapies. The nervous
system has long been a target of regenerative therapies from transcranial direct stimulation
(TCDS) to tumor treating fields (TTFs) with mixed success66 . In the visual system,
transplantation therapies have been used to introduce replacement cells for diseased or
degenerated retinal cells, including retinal pigment epithelium, photoreceptors, and ganglion
cells25, 33, 67-69. However, successful outcomes of these therapies have been limited by the low
numbers of cells able to migrate into and integrate with damaged host retina 69, 70 . While
numerous studies have explored the use of tissue-engineered bioscaffolds, transplantable
biomaterials and cells with highly specific stem cell-like properties, few have explored the use of
migratory mechanisms to enable the required integration of motile transplantable cells.
Galvanotaxis, or the directional migration of cells in response to applied electric fields
(EFs), has been well-established in wound healing processes and applied in regenerative
therapies for the past decade71-73 . Here, damaged cells release their cellular contents, altering the
local electrical potential and establishing EFs on the order of 25-200mV/mm. This provides
directional cues that guide the surrounding cells to migrate in the direction of the highest
charge37 , typically in the wound center. The focus on galvanotaxis as a means of regeneration has
led to a large subset of studies focused on the strength and nature of electric fields generated
during injury. Here, galvanotaxis has been well-studied using epithelial cells in wound healing74,
75 , as

disruption of the transepithelial potential is one major cause of endogenous electric

potentials76 . In addition, recent galvanotactic studies have been performed in ocular tissues, to
measure the cellular regenerative response as a function of applied electric fields, utilizing retinal
pigment epithelium77,

78 , the

lens epithelium78 , or the corneal epithelium79,

80 _ENREF_18.

An
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excellent review81 has recently detailed current developments in the applications of galvanotaxis
to numerous physiological processes, individually as well as in combination with other external
stimuli.
Chemotaxis, or the migration of cells in response to chemical concentration gradients, is
also fundamental to wound healing processes82 , as well as to development83,
metastasis85,

86 , and

84 , cancer

immune response87, 88 . Chemotactic mechanisms have been well studied in

the nervous system by our group and others89, 90 , and have particular significance to current cellbased therapies91 . In the visual system, the migration of transplanted neural cells is fundamental
to synaptic integration within host retina, as transplanted cells must navigate complex host
architecture to connect with neuronal targets70 . The combination of chemotactic fields with
galvanotactic fields on neural cell behavior has only recently been explored. Many of these
studies, however, highlight effect of the two fields in opposition to one another 77, 92, 93 . The
pioneering study by Francis Lin et al. superimposed an electric field on top of a CCL19 gradient
and measured the migratory behavior of peripheral blood T Cells 77 . However, the two fields
were established in such a way that the cell migratory response to each signal were in opposition
to one another. In this setup, it is only possible to determine the relative strength of the two
stimuli in controlling the cell behavior. Since the relative orientation of the two cues will
determine whether cooperation or competition, studying only opposition leaves out half of the
picture.
The unique cellular scale and design flexibility of microfluidic systems makes
microdevices well-suited for quantitative study of cell behavior as well as investigation of
underlying biological mechanisms. In this study, we present a novel microfluidics system, the
Gal-MµS, a device that facilitates the study of chemical and galvanic cell stimulation
individually or in a combinatory manner. The device enables direct control of chemical and
electrical stimulation of cells, while concurrently facilitating real-time monitoring of cell
behavior. Our study used the Gal-MµS to evaluate the migratory responses of neural cells to
electric fields and chemical gradients individually, as well as combinatory fields of both. The
results reveal that galvano-chemotactic fields are able to direct the migration of neural cells
significantly more than either field individually. These findings indicate a potential cooperative
biological mechanism of galvano-chemotaxis that can be explored to develop migration-targeted
strategies to improve cell-based regenerative therapies.
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Materials and methods
System Design
The Gal-MµS device was designed to facilitate parallel or uneven flow in two cell culture
compartments connected by an array of microchannels (n=760), Figure 1. This system was
adapted from a design previously developed by our laboratory to incorporate galvanotaxis in
addition to chemotaxis94 . The two cell culture compartments are 1000 µm -wide by 10^4 µmlong by 50 µm in height. The culture regions are separated by an array of 100 µm-long channels
spaced 10 µm apart, Figure 1A, B. Each channel is 3 µm-wide by 5 µm in height, preventing full
bodied cellular migration of neural cells of diameter greater than or equal to 10 µm93,

95, 96 , while

still facilitating the transport of small molecules from one side to the other. The microchannel
array was designed as a barrier to restrict neural cells to their designated seeded culture
compartments while enabling transport to generate stable, steady-state chemical concentration
gradients across the channel array. The concentration profile, or distribution, of these gradients
across the microarray and opposite cell compartments is dependent upon the input flow rates, Q1
and Q2, Figure 1B. As Q1 and Q2 are independent of one another, the flow rates can be changed
with respect to each other, to provide the desired transport ratios, Q1:Q2. As seen in Figure 2,
controlling this ratio enables the control of the pressure differential across the channel array. The
system is in a state of even flow, when Q1 = Q2 (Figure 2A). The pressure differential between
the two sides of the system is equal to zero, and thus the concentration gradient is determined by
bulk diffusion. The system is in a state of uneven flow, when Q1 ≠ Q2 (Figure 2B). In this case,
there is a non-zero pressure differential between the two chambers. This results in some pressure
driven flow between the two chambers. Since this pressure differential is dictated by the ratio of
Q1:Q2, we can use that to control the chemical gradient within the culture chambers of the
device. Additionally, if the higher flow rate is maintained at less than or equal to 8 dynes, then
the impact due to shear stress can be limited. Shear stress was determined for the device
previously by our lab39 . While the flows can be set in counter-flow, all flows used in this study
are in a parallel state. Lastly, two columns of agar with an imbedded platinum wire are located
on either side of the culture chamber to act as electrodes, Figure 1D.
Chemical environments within the microarray of the so-called H-Channel design have been
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previously used to study cellular chemotaxis97 , neuron arraying98 , osteocyte communication94 ,
and cancer metastasis99 . in the current study, the microarray acts primarily to fluidically isolate
the two culture chambers and aid in the creation of a controlled concentration gradient within the
cell culture chambers, as had been done previously98,

100 .

The channels within the array are small

enough to prevent full body cell migration within them but sufficiently large to enable controlled
transport of small molecules. As stated above, the controlled transport across the microarray is
directly related to the pressure differential between the two culture chambers, as controlled by
the relative flow rates – Q1 and Q 2 . This enables tight control of the established concentration
gradients within the culture chambers.

Figure 21 The Gal-MµS. (A) Schematic of the design illustrating channel arrays
separating two culture chambers. Electrodes are placed on either side of the culture chambers to
facilitate controlled application of electric fields (B) Cartoon schematic illustrating Gal-MµS
operation, not to scale. Cells are loaded into one culture chamber while the desired chemical
stimulant is loaded into the other. Establishing the flow ratio, Q 1 :Q2 , provides control of the
chemical concentration gradient experienced by cells within the culture chambers. The
electrodes positioned on either side of the two culture chambers to enable controlled concurrent
electrical stimulation (C) Image of the device (without electrodes) showing fluid flow within
culture chambers (D) Image of device demonstrating electrode placement and composition.
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Figure 22 Flow rate controlled chemical gradient. (A) Q 1 = Q2 , the system is in a state of
even flow, resulting in bulk diffusion of chemicals from left to right. The speed of Q 2 determines
the rate of fall-off and degree of accumulation downstream. (B) Q 1 > Q2 , the system is in a state
of uneven flow, resulting in convection enhanced transport across the channel array from left to
right. The rate at which the small molecules cross the channels is controlled by the ratio Q 1 :Q 2 ,
with larger ratios resulting in faster transport.
System Fabrication
The system is fabricated using conventional multistep photolithography to create a master
mold and elastomeric molding to stamp this mold into a polymer of polydimethylsiloxane
(PDMS), as shown in Figure 3. The design was imprinted onto a 4 in diameter silicon wafer in a
2-step process. The first layer (corresponding to the microarray), composed of the negative
photoresist polymer SU-8 2 (MicroChem, Westborough, MA) was first spin-coated at 1000 rpm
for 30 seconds onto the wafer surface using a Laurel WS 650 spin coater (Laurel, North Wale,
PA). The wafer was then pre-baked, on a hot plate, at 65°C for 1 min, followed by an additional
3 min at 95°C. Exposure was performed using the open channel mask via an automated mask
aligner (EVG620, EV Group, Austria) with an exposure dose of 100 mJ/cm2. The wafer was
then post-baked at 65°C for 1 min followed by an additional minute at 95°C. The photoresist
was developed in PEGMA developer (MicroChem Corp., Westborough, MA) for 5-10mins and
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rinsed with isopropyl alcohol and deionized water. The wafer was then dried under nitrogen and
dehydrated prior to the second step of lithography. The next layer (corresponding to the culture
chambers) used photoresist SU-8 2075 (MicroChem, Westborough, MA) spun on at 4000 rpm
for 30 sec. The resist was then prebaked for 2 min at 65°C followed by an additional 7 min at
95°C. The wafer and second mask were aligned via mask aligner and exposed at 180 mJ/cm2 .
The wafer was then baked for 1 min at 65°C and 6 min at 95°C. The wafer was developed in
PEGMA developer for ~5-10 min with slight agitation. The wafer was then rinsed with
isopropyl alcohol and deionized water and dried under nitrogen.

Figure 23 Schematic illustration of the principle steps used in the fabrication of the GalMµS device.
To improve contact molding reliability, the finished wafer was then silanized, by liquid
deposition. The wafer was submerged mixture of methanol, water, and Trichloro(1H,1H,2H,2Hperfluorooctyl) silane mixed at a ratio of 20 mL:1 mL:100 µL, respectively, and gently agitated
for 1-2 hours. The wafer was rinsed consecutively with isopropyl alcohol and deionized water,
and dried with nitrogen. Elastomer molds were constructed with polydimethylsiloxane (PDMS)
(Silgard 184, Dow Corning). PDMS prepolymer was mixed at a ratio of 9:1 with its curing agent
to a final volume of 30 mL. The ratio of 9:1 prepolymer to PDMS acts to make the final device
slightly stiffer than the traditional 10:1 ratio 101 . This allows for easier handling of the device.
Additionally, the stiffer polymer holds inserted tubing and pipette tips better, making
experimental setup easier for the end user. This mixture was then poured onto the master and
degassed for 20 mins in a restricted light environment to remove air bubbles. The PDMS was
baked until set for 20 mins at 75°C and then demolded. The devices were assembled by ozone

CONTROLLED M IGRATION OF RETINAL PROGENITOR CELLS WITHIN ELECTRO-CHEM OTACTIC FIELDS

55

plasma bonding the PDMS casts to cleaned glass coverslips (#1.5, VWR). The fluidic seal was
tested by flowing deionized water or phosphate buffered saline (PBS) at 1 mL/min through both
sides of the device via syringe pump (NE-1000, Newera Syringe Pump Systems, Farmingdale,
NY). For electric field studies, agar columns with platinum electrodes imbedded were inserted
on either side of the culture chambers. The agar powder was first dissolved Steinberg’s
electrolyte solution and then heated to boiling for ~2 mins under constant agitation. The agar
mixture was cooled for 3-5 min, so as to ease handling. As the agar mixture set, it was injected
via syringe into two pipette tips inserted at the edges of the culture two chambers located at the
center of the device, so as to come into contact with the media of the culture chambers. Lastly,
platinum wires were inserted into the agar filled pipette tips once the mixture was sufficiently
stiff to restrain the electrodes.
Computational Model
A two-dimensional, coupled multiphysics numerical simulation of molecular transport
within the Gal-MµS device was performed using both pressure-driven flow and electric fields
within the device. These simulations utilized a two-way coupled finite element model of the
device created using COMSOL Multiphysics 5.1 (COMSOL Inc., Burlington, MA). First, the
model solves the continuity equations for flow velocity and current density at steady state:
∇ ∙𝒖=0

(Eq. 1)

∇∙𝒊 = 0

(Eq. 2)

Here u denotes the velocity (m/s) and i represents the current-density vector (A/m2 ). The
velocity includes two driving forces of pressure and electro-osmotic force given by the velocity
equation:
𝒖=−

𝐴
𝜖𝑤 𝜁
∇𝑝 +
∇𝑉
8𝜇𝐿
𝜇

(Eq. 3)

Where A is the cross-sectional area of the channel, µ is the dynamics viscosity (Pa*s), L
is the length of the channel (m), p is the pressure (Pa), 𝜖𝑤 is the fluid’s permittivity (F/m), 𝜁 is
the zeta potential (V) and V is the electric potential (V). The current density is defined as:
𝒊 = −𝜅∇𝑉

(Eq. 4)
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Where 𝜅 denotes the conductivity (S/m). At the solid walls, the normal velocity
component goes to 0:
𝒖∙𝒏 = 0

(Eq. 5)

Flow was modeled as laminar with a mean inflow velocity of 1e-8m/s. This velocity was
chosen because it imposes a fluidic shear stress within the culture chambers below the 5 dynes
threshold known to affect cell behavior102 . The electrode voltages were set at ±1V to achieve an
electric field of intensity 100mV/mm, a biologically representative value 32 .
Second, the mass transport within the culture chambers and microarray was modeled via
COMSOL’s Transport of Dilute Species package using the velocity and electric potential
parameters from the above equations to solve the mass-transport equation for an injected tracer:
𝜕𝑐
+∇∙ 𝑵 = 0
𝜕𝑡

(Eq. 6)

Where c is concentration and N is the flux vector given by the Nernst-Planck equation103 :
𝑵 = −𝐷∇𝑐 − 𝑧𝑢 𝑚 𝐹𝑐∇𝑉

(Eq. 7)

+ 𝑐𝒖
Here D denotes the tracer’s diffusivity (m2 /s), c gives the concentration (mol/m3 ), z represents an
injected tracer’s partial charge number, F is Faraday’s constant (C/mol), and um is the mobility of
the tracer (mol*m2 /(J*s)) given by the Nernst-Einstein equation104 :
𝑢𝑚 =

𝐷
𝑅𝑔 𝑇

(Eq. 8)

Where Rg = 8.314 J/(mol*k) is the gas constant and T (K) is the temperature.
An effective diffusivity of 2.14x10-7 cm2 /s was used to model transport of SDF-1 within
the retina, as detailed previously by our group 33 . The effective diffusivity outside of the retinal
space was set to 1 x10-6 cm2 /s, to better approximate the effective coefficient of SDF-1 within
water105 . All physical boundaries of the microsystem were regarded as insulated boundaries of
mass transfer, momentum transport, and electron transport. The boundary conditions for the
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current-density balance are insulating for all boundaries except the electrode surfaces, where the
potential is fixed.
Cell Culture
Four nervous system cell types and one control cell type were used for this study, as
summarized in Table 1. Each cell type was cultured using its own protocol and reagents, as
listed below. Note, that in all experiments cells were maintained in a bio-incubator at 37°C and
5% CO2 , and media was refreshed every 3-4 days until cultured to 95% confluency prior to use.
Additionally, cell viability and proliferation for a wide range of nervous system cells within
similar scale devices have been shown previously by our group 85, 106-108 , and is expected to be
similar here.

Table 4 Summary of Cells Used
Cell Name

Type

MGC

Muller Glia Cell Line

RPC

Retinal Progenitor Cell

HUVEC

Endothelial Cell Line

nnSC

Primary Schwann Cells

DAOY

Medulloblastoma-derived
Cell Line

Comments
Glial line established from rat
retina109
Primary cells derived from
light damage-induced mouse
retina32
Established cell lines used as
endothelial cell models110
Primary cells isolated from
neonatal mouse dorsal root
ganglion111
Transformed glial progenitor
from human tumor112

Retinal Progenitor Cells
Multi-passage retinal progenitor cells (RPCs)32 were cultured in polystyrene culture
dishes in Neurobasal medium (NBM ; Invitrogen-Gibco, Rockville, MD) containing 2 mM Lglutamine, 100 mg/ml penicillin-streptomycin, 20 ng/ml epidermal growth factor (EGF;
Invitrogen-Gibco) and neural supplement (B27 and N2; Invitrogen-Gibco), as per our previous
work.32, 113
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Neonatal Schwann Cells
Primary neonatal Schwann cells (nnSC), obtained from the Thompson lab of RPI 111 , were
cultured in polystyrene culture dishes in DMEM containing 100 mg/mL penicillin-streptomycin
and 10% FBS.
Müller Glial Cells
Multi-passage Muller glia cells (MGC) (ENW0001, Kerafast, Inc, Boston, MA) were
cultured in polystyrene culture dishes that had been coated with collagen-1 (A1048301,
Thermofisher). Cells were cultured in DMEM containing 100 mg/mL penicillin-streptomycin,
4.5 mg/mL L-glutamine, 100 mg/ml penicillin–streptomycin and 10% FBS.
Human Umbilical Vein Endothelial Cells
Multi-passage Human umbilical vein endothelial cells (HUVECs), obtained from the Barabino lab of
CCNY110, were cultured in polystyrene culture dishes in EGM-2 culture medium (Lonza) containing 2%
FBS ,04% hydrocortisone .4% FGF-B, .1% VEGF, .1% R3-IGF, .1% ascorbic acid, .1% EGF, .1% GA-1000 and
.1% heparin .

DAOY
Multi-passage DAOY cells, a medulloblastoma cell line, (ATCC# HTB-186)86, 114 were
cultured in polystyrene culture dishes in DMEM containing 100 mg/mL penicillin-streptomycin
and 10% fetal bovine serum (FBS).
Transwell Migration Assay
Transwell migration assays were performed in 24-well plates (Corning) as described
previously by our group85 using Corning Transwell cell culture insert containing a PET
membrane with 8 µm-diameter pores. Cells were starved of FBS (if applicable) 12-18 hr prior to
the start of the assay. Additionally, for the rMC-1 cells, a collagen I coating (A1048301,
ThermoFisher) was seeded onto both sides of the membrane to ensure proper cell adhesion and
behavior. 500 µL of serum-free medium containing 100 ng/mL of Stromal Derived Factor-1
(SDF-1) was inserted into the bottom of the assay chamber. Cells were detached and suspended
in serum-free medium at a concentration of ~1x10 5 cells/mL and 300uL of this solution was
inserted into the top of the assay chamber. The cells were then incubated overnight at 37°C and
5% CO2 . The number of cells that migrated towards the underside of the membrane were then
quantified via fluorescence utilizing CyQuant GR cell proliferation assay kit (C7026,
ThermoFisher). The number of motile cells was normalized with respect to the control with
serum-free medium, only.
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Measurement of Cell Migration in Galvanotactic, Chemotactic or Combinatory
Fields
Each cell type tested was re-suspended in cell culture media at ~1x10 5 cells/mL and
injected via syringe pump into one chamber of the Gal-MµS at a rate of 10 µL/min.
Concurrently, cell-less media was injected into the remaining chamber at the same rate. This
dual injection maintains the pressure balance between the two chambers and allows cells to be
evenly seeded into the device. Cells were cultured inside for 2-12 hr prior to testing to facilitate
cell adhesion - for the rMC-1 cells’ galvanic assay, a col 1 coating was applied prior to cell
seeding. After which time, cells were subjected to an electric field only of 100 mV/mm, for
galvanotactic experiments, for 12 hr with a constant flow rate of Q= 10 nL/min into both device
culture chambers. We note that this flow was necessary to prevent accumulation of cell
metabolites and pH changes due to the applied electric field 115 . The electric fields were produced
and measured using a myDAQ data acquisition device (National Instruments, Austin, Texas) and
the NI Arbitrary Waveform Generator (National Instruments, Austin, Texas). Phase contrast
images were gathered every 15 min on a Nikon TE-2000U inverted microscope. For the
chemotactic experiments, SDF-1 (100 ng/mL) was flowed into the Gal-MµS at a constant rate of
Q = 10 nL/min (into the chamber opposite cells) to establish a constant chemical gradient field.
In the experiments using combinatory fields, both the electric field and the SDF-1 gradient were
applied, as before, concurrently. In each case, the Gal-MµS was transferred onto the stage of an
incubated stage (temperature-controlled, carbon dioxide-controlled and humidity-controlled)
upon a Nikon Eclipse TE2000-U inverted microscope (Morrell Instruments, Melville, NY) for
time-lapse imaging. The ImageJ plugin, TrackMate, was used to gather cell trajectories by
recording positions of cell centroids over time. At least 45 cells from three independent
experiments were tracked for each experimental group. From each of these trajectories, net
distance was calculated by subtracting the distance between cell’s initial position and its final
position. Additionally, the method of Gruler and Nuccitelli was used to quantify the average cell
migration directedness116 . Migration directedness was used to indicate the degree of alignment
between cell migration and an imposed stimulus. Specifically, cell directedness was measured
by calculating the cosine of the angle between the imposed electric field lines (as predicted by
the computational simulation), and the vector between a cell’s starting position and its final
position. As seen in Figure 4, cells that move parallel to the electric field lines have directedness
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values closer to 1. Cells that move perpendicular to the imposed electric field lines would have
directedness closer to 0.

Figure 24 Schematic representation of the angle to calculate directedness
Imaging
Time-lapse migration experiments were performed using a Nikon Eclipse TE2000-U
microscope (Morrell Instruments, Melville, NY) fitted with an incubated stage for
environmental control of temperature, humidity, and CO 2 and an automated stage for multipoint image capture. Images were captured every 15 min for 12 hr along the center of the
device (between the two electrodes).

Data Analysis
Cell tracking analysis for cell migration was performed using the ImageJ package
TrackMate117 . A Student’s t-test and least squares fit were used to measure and analyze the data
using MATLAB r2016b (The Mathworks, Inc). A least squares fit was calculated between the
computational concentration profiles and experimentally measured profile. The t-test at 95%
confidence was performed to determine the disparity between the two concentration gradients,
where only p-values <0.05 were considered statistically significant.

Results and Discussion
Device Design
This study developed the Gal-MµS device to quantitatively stimulate and monitor cells
using electric fields, chemical fields and combinations of both. The Gal-MµS was adapted from a
microfluidics-based system previously reported by our laboratory94 , the Macro-micro-nano
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(Mµn) system. The device consists of a PDMS elastomer bonded to a glass microscope slide, as
seen in Figure 1C, D. The device is modeled after a so-called H-ladder design97 used to generate
chemical concentration gradients in a controlled manner. The Gal-MµS is comprised of two
distinct culture chambers that are 50 µm-high, 1000 µm-wide and 10 mm-long. The culture
chambers are separated by an array of microchannels that are 5 µm-high, 3 µm-wide and 100
µm-long, each spaced 10 µm apart. Additionally, agar-agar salt-bridges are imbedded along the
center of the device to apply a constant electric field as well as to prevent electrolyte
accumulation inside the medium113 .
The Gal-MµS was designed to achieve fluidic separation between the two cell-seeding
regions using the microchannel array. The channel array length was selected as 100 μm to
facilitate development of a stable, steady-state concentration gradient between cell seeded
regions. Separation between the two seeding regions is critical to enable distinct testing
conditions of each cell population achieved via even flow or uneven flow, Q1 and Q2. Setting Q1
= Q2 even flow is established in which there is little to no pressure differential between the two
culture compartments. This results in molecular diffusion acting as the primary means of mass
transport between the two compartments. By altering the ratio of Q1:Q2, to create uneven flow,
a pressure gradient can be established between the two culture compartments. This pressure
differential results in convective mass transport towards the lower pressure (i.e. lower flow rate)
compartment95,

118 . This

pressure-driven diffusional transport enables the controlled stimulation

of cells in the adjacent culture compartment.
Computational Model and Experimental Validation
The chemical concentration profiles and electric fields developed within the Gal-MµS
were computationally- modeled to quantitatively describe the stimuli that cells experience within
the device. The electrodes located in the device center produced a fully-developed and
homogenous electric field as shown in Figure 5A. We note that the EF is only homogeneous
closest to the device center, directly between the two electrodes. This restricts the cell monitoring
in areas far away from electrodes, as any cells outside of the homogenous electric field would be
stimulated in a nonlinear fashion.
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Figure 25Electrical and Chemical Microenvironment of Gal-MµS. (A) Computationallyderived profiles of electric fields within the Gal-MµS using electric field strength = 100mV/mm.
(B) Computationally-derived, steady-state concentration profiles of a model molecule (10kD
dextran) using 4 combinatory fields: even flow (Q1=Q2) with and without an applied electric
field (100mV/mm) and uneven flow (Q1 > Q2) with and without an applied electric field
(100mV/mm). (C) Experimental measurement of molecular transport within the device using the
4 combinatory fields. *Note axes have been modified to better illustrate position of experimental
data. Fluorescent images for the 4 stimulation conditions: (D) Even flow with no EF, (E) even
flow with EF, (F) uneven flow with no EF, and (G) uneven flow with EF. All images were taken
within the region between the two electrodes
The model also predicted the chemical concentration profile with and without the effect
of the electric field for 2 flow conditions. As seen in Figure 5B, the chemical concentration is
dramatically reduced from one chamber to the other through the microchannel array. The
concentration profile is sigmoidal with a steep linear region near the microchannel array when
there is no applied electric field. This result confirms that molecular diffusion is driving transport
between the two chambers when equal input flow rates Q1, Q2 are used, as shown per 98 . When
changing from even flow (Q1 = Q2, black) to uneven flow (Q1 > Q2, red), a right shift is seen in
the concentration profile. Here, the pressure gradient induced convective mass transport to
displace larger numbers of molecules across the microarray. In both even flow cases, there is
minimal change in the concentration profile when the electric field was applied. This result is a
significant and novel aspect of our Gal-MµS. The data confirms that a stable concentration
gradient established across the system and is unaffected by the applied electric field. Numerous
systems have applied combinatory electric fields with other stimuli but resulted in significant
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EF-altered chemical distribution119 . Our Gal-MµS provides an environment where both EF and
chemical fields are applied in such a way as to separate the biological responses to each.
Results of the computational model were verified via experimental measurements of
galvano-chemotactic transport of a model molecule (fluorescent 10 kDa dextran). As seen in
Figure 5C, experimental data verified the development of the steady-state concentration profile
within the Gal-MµS with and without electric fields and with even and uneven parallel flow.
Additionally, while the computational model did predict some non-uniformity of the chemical
gradient along the outer length of the channel, experiments were performed within the center of
the device where the non-uniformity is negligibly small, Figure 5D-G.
The Gal-MµS was designed to provide two culture compartments that are fluidically
separated. By maintaining equivalent flow rates through both inlet ports, the pressure differential
between the two chambers is negligible. By setting different flow rates we could generate
varying steady-state chemical concentration profiles between the two culture chambers, thus
controlling the stimuli that the cells were subjected to. Taken together, the computational and
experimental results illustrate the predictable profile of small molecules across the array. It has
been shown previously that cells stimulated by electric fields can migrate in the direction of one
of the stimulating electrodes73 . Additionally, our lab and others have previously shown that CNS
cells migrate along the gradient of a chemoattractant86,

106, 120 .

The precise control of the

concentration profile within the Gal-MµS allows us to quantitatively stimulate cells in a
controlled manner, which is ideal for the study of cellular migration.
Galvanotaxis: Electric Field-Induced Migration
The migratory response of 5 cell lines to applied electric fields was measured within the
Gal-MµS, as per Table 1: Muller Glia (MGCs), retinal progenitor cells (RPC), Schwann cells
(nnSC), Glial Progenitors (DAOY-derived) and Human Umbilical Vein Endothelial Cells
(HUVECs). In the absence of electrical stimulation, no measurable movement of cells was
observed. Conversely, all cells exhibited migration in response to an applied electric field, as
shown in Figure 6A. All neural cells responded with approximately the same net migration
distance of 50-80 µm, while HUVECs migrated significantly larger distances of ~250 µm, p<.01.
This agrees with the published literature as HUVECs are known to migrate strongly in response
to electric fields and are often used as the gold standard in galvanotaxis study72, 73 . In addition,
HUVEC, DAOY, RPC, and MGC cells migrated towards the cathode, each with high
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directedness of >0.9. In contrast, nnSC migrated towards the anode with a directedness of .88, as
listed in Table 2. These directional results agree with what has been previously published for
mammalian cells72, 73, 121-123 and confirm the Gal-MµS’s abilities to evaluate galvanotaxis.
Table 5 Average Electrotaxis Migration Statistics
Cell lines

Muller
Glia

HUVEC

RPC

DAOY

Schwann

Average Net
Distance (µm)

53.5

246.584

48

60

80

Relative
Directedness

0.967 ±
.012

0.866 ±
.037

0.999
±.016

0.9 ±
0.022

0.88 ±
.024

Electrode

Cathode

Cathode

Cathod

Cathode

Anode

Figure 26 Galvanotactic and chemotactic cell migration of neural cells. (A)Average net
migration distance of cells in 100mV/mm electric field. (B) Relative number of motile cells in
response to SDF-1 signaling (100ng/mL) in transwell migration assays.
Chemotaxis: Chemokine-Induced Migration
The migratory responses of the 5 cell types to extrinsic growth factor signaling was
examined via transwell assay. The migration of all cells to CNTF, EGF, and GDNF revealed that
Stromal Derived Factor (SDF-1) resulted in the largest number of motile cells (data not shown).
As seen in Figure 6B, significant increases in the relative numbers of motile cells (compared to
controls of serum-free media only) were measured in response to the SDF-1 stimulus. This data
supports the work reported by our group and others113, 124, 125 that illustrates a chemotactic

CONTROLLED M IGRATION OF RETINAL PROGENITOR CELLS WITHIN ELECTRO-CHEM OTACTIC FIELDS

65

sensitivity of neural cells to SDF-1. As SDF-1 triggered the most dramatic increase in numbers
of motile from RPCs, only this cell type was further examined using combinatory galvanochemotactic fields.
Galvano-Chemotaxis Enhanced Migration
We next examined the migratory response of RPCs to galvano-chemotactic fields, i.e. the
combination of both the SDF-1 gradient and electric field. As shown in Figure 7A, electric field
and SDF-1 stimulation, individually, resulted in net migration distances of 48.7 µm ± 5.14 µm
and 38.1 µm ± 3.68 µm, respectively, after 12 hr of stimulation. Interestingly, RPCs traveled
dramatically larger distances in the direction of the electrode in the presence of the combinatory
Galvano-chemotactic field, to exhibit a net distance of 133.0 µm ± 18.4 µm. Further, RPCs
migrated towards the cathode when stimulated by the electric field and towards increasing
gradient when stimulated via SDF-1, which did not change in the combinatory field. Lastly, the
trajectories of RPCs when stimulated by electric fields, SDF-1 gradient fields and combinatory
fields are shown in Figure 7B. As seen in Table 3, electric field stimulation resulted in a marked
increase in directionality compared to chemotactic stimulation, .975 vs .800. This directionality
is maintained when during combinatory stimulation.
Table 6 Average RPC Migration Statistics for Various Stimulation Conditions
Stimulation Condition

Average Net Distance (µm)

Relative Directedness

Control

0

N/A

Electric Field

48.7 ± 5.14

0. 999 ± .016

Chemical Field

38.1 ± 3.68

.800 ± .042

Combo

133.0 ± 18.4

.975 ± .026
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Figure 27 Galvano-, Chemo- and Galvano-Chemo-Induced migration of RPCs. (A)
Distance traveled within Gal-MµS device for electrical, chemical and combinatory stimuli. (B)
Representative cell trajectories for electrical, chemical and combinatory stimuli. Trajectories
represent 12 hr of cell movement within the device.
The results demonstrate that the migration of RPCs is dramatically enhanced in response
to galvano-chemotactic fields within the Gal-MµS. The average distances traveled were
increased nearly 3 times either individual stimulation case while maintaining high directedness.
These results show an increase in net migration that is more than additive as well as an increase
in directedness. The changes in these two-different metrics (net migration and directedness)
indicate that the electrical and chemical stimuli act cooperatively to produce a migratory
response greater than the vector addition of each stimulus. Few studies have focused on the
cooperative effects of these two stimuli. Published reports utilize the two fields in opposition to
one another so as to study their competing effects92, 126-128 . The dominance switching seen in
their results suggest that galvanotaxis and chemotaxis pathways share intersecting downstream
signaling pathways. Additional studies have proven this overlap122, 129, 130 . However, the details
mechanism and nature of intersection remain unknown. Further, if the cells’ directionality in
each field are considered, then the cooperativity observed in this study agrees with and reinforces
the mechanism described in the literature92 . Our results suggest the Gal-MµS is well-suited to
elucidate the details of this mechanism. Future study of different combinatory stimulation will
help evaluate this behavior, mechanistically, and aid the development of migration-targeted, cellbased therapies.
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Conclusions
Cell stimulation via extrinsic signaling of electric fields is a well-established clinical tool
used in many physiological systems, including the nervous system. The exciting results of this
study suggest that combinatory stimulation with electrical and chemical fields were able to
produce cell migratory distance significantly more than that of either field, individually. Further
study of the cooperative cellular mechanism(s) that facilitate this behavior will greatly aid the
development of regenerative therapies in the nervous system.
Acknowledgments: This work was supported by the National Eye Institute and the National Science
Foundation.
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Chapter 4: Affecting the directional migration of transplanta ble
retinal progenitor cells using a novel electro-chemotactic approach
Introduction
Photoreceptor degeneration is a significant cause of progressive vision loss worldwide 8 1
from, both, inherited eye diseases, such as retinitis pigmentosa, and age-related diseases like
macular degeneration. Several therapies are in development to treat vision loss, including laser
photocoagulation131 , pharmacological inhibition132 , gene delivery133 , neural implants134 and cell
transplantation70 . Promising photoreceptor replacement therapies have transplanted a variety of
stem- and progenitor-like donor cells36, 70, 74 into the subretinal space between the retinal pigment
epithelium (RPE) and outer segments of native photoreceptors 74 to affect regeneration.

In an

idealized transplantation model depicted in Figure 28, viable replacement cells successfully
migrate out of the subretinal space and into damaged retinal tissue to position themselves within
the outer nuclear layer (ONL) for integration. Surprisingly, the migratory behaviors of donor cells
remain understudied although their migration can be paramount to successful transplanta tio n
outcomes.
Previous work from our group has evaluated the in vitro migratory behaviors of retinal
progenitor cells (RPCs) and photoreceptor precursor cells (PPCs) in response to controlled
gradients of signaling ligands present in damaged retina 124, 125, 135 . The current work examined
the ability of combined chemotactic and electrical fields to direct the migration of transplantable
RPCs, which may help achieve the appropriate retinal positioning needed for integration in vivo.
Experiments utilized a unique microfluidic device, called the Galvano-Macro micro system, or
Gal-MµS, to generate tunable chemotactic fields with and without superimposed electric fields.
Results illustrate that while chemotactic and electrical fields promoted directed migration of
RPCs over long distances, combinatory fields increased the net migration of transplantable cells
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by three times the amount measured in either field, individually, as well as increased
directionality. To investigate these migratory responses mechanistically, we also performed
bioinformatics-based analyses using genes known to control cell adhesion and motility136 .
Results suggest that measured increases in migration distances may be attributed to downregulation of cell adhesion proteins, such as β-catenin and cadherin, in conjunction with upregulation of cytoskeletal regulation proteins like RalGDS and Ral. These findings highlight the
exciting potential of advancing regenerative transplantation strategies by stimulating synergistic
cell responses to electrical and chemical stimuli.

Materials and Methods
System Design and Fabrication
Development of the Gal-MuS device was previously described by our group 94, 135 , and used
two step photolithography alongside polydimethylsiloxane (PDMS, Silgard 184, Dow Corning)
micromolding techniques. As shown in Figure 29, the system works by utilizing a modified Hladder design97 comprised of two macro-wells connected by an array of microchannels. Controlled
volume flow rates on either side of the device establish a stable concentration gradient across the
adjoining microfluidic channels. Additionally, electrodes imbedded at the center of the device
enable superposition of a constant electric field and chemical gradient field generated across the
microarray. Importantly, these superimposed stimuli do not alter the chemical microenvironme nt
of resident cells as previously demonstrated by our group using a variety of neural cells 85, 106-108 .
Cell Culture
Multi-passage mouse retinal progenitor cells (RPCs) were cultured as per our previous
work31,

99, 113

using polystyrene culture flasks (T-75, Falcon) in Neurobasal medium (NBM;

Invitrogen-Gibco, Rockville, MD) that contained 2 mM L-glutamine, 100mg/ml penicillin–
streptomycin, 20 ng/ml epidermal growth factor (EGF; Invitrogen-Gibco) and neural supplement
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(B27 and N2; Invitrogen-Gibco). Cells were maintained in a biological incubator at 37°C and 5%
CO2 , and media was refreshed every 3-4 days until cultured cells reached 95% confluency prior to
testing.
Measurement of RPC Migration in Electrotactic, Chemotactic and Electrochemotactic Fields
RPCs were suspended in media at ~1x10 5 cells/mL and injected via syringe pump into one
chamber of the Gal-MµS at a volumetric flow rate of Q 1 =10 µL/min.

Concurrently, an equal

volume of cell-less media was injected into the opposite chamber using the same volume flow rate
Q1=Q 2 . This dual injection maintained the pressure balance between the two chambers and enabled
even cell seeding into the device. Cells were cultured inside the Gal-Mus for 2-12 hr prior to each
stimulus to facilitate cell adhesion. Cells were then subjected to one of three stimuli: 1.) A
chemotactic gradient field of SDF-1 (100ng/mL), only; 2.) An electric field of 100mV/mm13 5 ,
only; and 3.) A superposition of both the chemotactic and electric fields. Each stimulus was
performed for 12hrs with a low and constant volume flow rate into both chambers previously
shown to generate minimal shear stress upon adhered cells137 . This flow was necessary to prevent
the accumulation of metabolites and changes in pH due to imposed fields.
Cell trajectories within the microdevice were obtained by using the positions of at least
n=45 cells from three independent experiments gathered every 15 minutes via microscope. The
net distances, DN, traveled by cells were calculated using differences between the initial position
and final position of the cell center of mass. RPC migration was additionally evaluated using a
parameter called cell directedness, DT , defined as the cosine of the angle between a cell’s net
migration vector and the external field lines (i.e. electric, chemical, electro-chemical gradients).
The average directedness for a sample is the sum of the directedness of all cells in the sample
divided by the total number of cells, as shown in Figure 30. Via this definition, cells moving along
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field lines exhibit directedness values closer to 1, while cells that migrating in non-oriented
directions display directedness values closer to 0.5.
Immunocytoche mistry
RPCs were fixed

for 10min in ice cold methanol at -20°C directly following

experiments. The fixed cells were washed with PBS and a blocking solution containing 1% bovine
serum albumin was then applied for 1hr at room temperature (25°C). Cells were subsequently
rinsed three times in PBS prior to use with antibodies. Primary antibodies for CXCR4 (Life
Technologies, Carlsbad, CA, USA) and phospho-CXCR4 (Life Technologies, Carlsbad, CA, USA)
were diluted 1:100 in antibody buffer and applied to cell samples at room temperature for 1hr,
followed by 3 rinses with PBS. The secondary antibody was similarly diluted 1:100 (Life
Technologies, Carlsbad, CA, USA), applied at room temperature for 1hr, followed by 3 rinses with
PBS. Slides were mounted with ProLong Diamond Antifade Mountant with DAPI (Invitro ge n,
Carlsbad, CA, USA).

Gene Expression Analysis by qPCR: CXCR4 and Gene Array
Total cellular RNA was isolated from RPCs directly following exposure to the three
experimental stimuli using RNeasy Mini RNA Isolation Kit (Qiagen, LIFE TECH CAT NO
www.qiagen.com), per the manufacturer’s protocol: 1.) Electric Field (EF) stimulis; 2.) Chemical
gradient field stimulus (SDF-1); and 3.) Combinatory stimuli of superimposed electro-chemica l
fields. RNA Quantification was performed via spectrophotometry (Synergy H1, Biotek, Highla nd
Park, VT) using the Taqman RNA-to-Ct One-Step Kit (Life Technologies), per the manufacture r’s
protocol. TaqMan Gene expression assay primers for GAPDH and CXCR4 were utilized to
generate the PCR product directly from isolated RNA as per Table 1. Negative controls were
performed that contained RNA but no primers. Automated PCR was performed in a final volume
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of 20uL containing 5ng of RNA template, 10uL of TaqMan RT-PCR Mix, 1uL of the Taqman Gene
Expression Assay primer and 0.5uL of Taqman RT Enzyme Mix in a StepOne Plus Real-Time PCR
system (Applied Biosystems). Reverse transcription was performed at 48°C for 15 min, followed
by denaturation of the cDNA and activation of the DNA polymerase at 95°C for 10 min. 40 cycles
of 15 sec at 95°C and 1 min at the annealing temperature of 60°C were used to amplify the PCR
product. The relative change in expression levels for each product between the unstimulated and
experimental conditions was represented as 2-ΔΔCt 138 .
Two sets of 96-well array plates (RT2 profiler PCR array gene expression assay, Qiagen)
containing SYBER Green primers for 168 different proteins associated with either adherens
junctions or cell motility and 5 housekeeping genes, were utilized to generate PCR product. A full
listing of the primers used can be found in supplementary material, Figure S-1. Automated PCR
was performed in a final volume of 25 uL containing 0.5 ug of RNA template and 12.5 uL RT2
SYBR Green Mastermix in a StepOne Plus Real-Time PCR system (Applied Biosystems, Foster
City, CA, USA).

PCR started with denaturation of the cDNA and activation of the DNA

polymerase at 95°C for 10 min. 40 cycles of 15 sec at 95o C and 1 min at the annealing temperature
of 60°C were used to amplify the PCR product
Differential Expression, Pathway Analysis and Inhibitor Prediction
Differentially expressed genes (DEG) between testing conditions and control (chemokine
stimulation) were identified from the qPCR array data utilizing the DESeq2 Bioconductor
package139 . The DEGs in each group were defined by a fold change >2 and a false discovery rate
of 0.1. Fold-change data returned were used in pathway analysis for Parametric Analysis of Gene
Set Enrichment (PAGE)140 . This was performed via the Bioconductor PAGE package using the
Kyoto Encyclopedia of Genes and Genomes (KEGG)141 to measure the predicted perturbations
within the overrepresented pathways. The gene sets were then screened against the PAGE-ranked
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qPCR data to calculate enrichment scores (ES) and p-values for each gene set. The ES represents
the degree to which a pathway is overrepresented at the top or bottom of the ranked data 142 .
Additionally, the DEG were used as input signatures for LINCS L1000CDS 2 Characteristic
Direction Search Engine (10.1038/npjsba.2016.15 ) to identify possible small molecular perturbagens for
further loss-of-function tests.
Inhibitor Loss-of-Function Test
To perform an inhibitor loss-of-function test, the electro-chemotactic migration studies of
RPCs were performed as above. In addition, 1hr prior to stimulation and throughout the length of
the stimulation the cells were treated with the small molecule ICRF-193 at a constant dose of
10µM/mL. Cells were stimulated for 12hrs with the same low and constant volume flow rate as
before. Cell trajectories were measured as before to determine net distances, DN, traveled and
cell directedness, DT .

Imaging and Data Analysis
Phase contrast images were acquired on a Nikon TE-2000U inverted microscope. The
microscope was housed in a temperature-controlled, carbon dioxide-controlled and humiditycontrolled chamber (Morell Instruments, Melville, NY). The ImageJ plugin, TrackMate, was used
to gather cell trajectories by recording positions of cell centroids over time 117 . Data was evaluated
using statistical software (Matlab r2016a). The Student’s t-test or Mann-Whitney U test was used
to determine statistical significance, with p < 0.05 considered statistically significant.
High resolution confocal images were obtained with a Leica LCS SP8 STED 3X (Leica,
Wetzlar, Germany). Image files were managed using LAS X software (Leica, Wetzlar, Germany).
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Results
Electro-Chemotaxis Enhanced Migration
The migratory behaviors of the RPCs to external stimuli were examined using the GalMuS device previously developed by our group. The Gal-MuS unique design enabled experime nts
to independently stimulate cells with highly-controlled chemical concentration gradients, electric
fields, and combinations of both fields. Data in Figure 31 illustrates that RPCs stimulated with a
gradient field of SDF-1 migrated a net distance of DN=38.1 um ± 3.7 um with a directedness value
of DT =0.80 ± 0.04. RPCs demonstrated no measurable motility in control conditions using media
without SDF-1 stimulation.

RPC movement was next measured in response to electric field (EF)

stimuli within the Gal-MuS. An applied DC field resulted in a net cell migration toward the
cathode, i.e. negative electrode, with an average distance of DN=48.7 um ± 5.14 um and
directedness of DT =0.99 ± 0.02. As before, RPCs demonstrated no measurable motility in control
conditions using media without EF stimulation. Combinatory stimuli of SDF-1 gradient fields
superimposed with electric fields resulted in net RPC migration toward the cathode with an
average distance of DN=133.0 um ± 18.4um and directedness of DT =.97 ± .03, both significa ntly
greater than either condition alone (p<.01).

CXCR4 Expression and Distribution
The effect of external stimuli on the cognate receptor CXCR4 was measured via RT-PCR.
As shown in Figure 32, RPCs treated with exogenous SDF-1 fields produced an approximately 2fold increase in CXCR4 expression compared to control (no stimulus). By contrast, RPCs treated
with EF did not alter CXCR4 expression levels compared to control. Lastly, RPCs exposed to the
superposition of EF and SDF-1 gradient fields did not significantly alter CXCR4 expression as
compared to SDF-1 stimulation alone.
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Experiments next subjected RPCs to each stimulus and stained for the phosphorylated or
activated receptor, p-CXCR4, to investigate whether external stimuli induced redistribution of
CXCR4 receptors across RPC membranes. Data in Figure 33 illustrate that external SDF-1
signaling resulted in increased p-CXCR4 expression while external EF did not. Further, both
CXCR4 and p-CXCR4 (when present) were found to be evenly distributed across the cytoplasm
as measured by fluorescent intensity across n=25 cells in each experimental group.
Bioinformatic Analysis of Combinatory Stimulation
Experiments next used bioinformatics analyses to identify potential mechanistic pathways
downstream of CXCR4 that could regulate the migration observed. Analyses were performed in
3 parts: 1.) qPCR arrays to determine expression levels under two test conditions; 2.) Identifica tio n
of DEG, defined as those with a fold change >2 compared to control; and 3.) Parametric Analys is
of Gene Set Enrichment to identify the most significantly overrepresented KEGG pathways and
elucidate possible mechanisms at play.
RT2 Profiler qPCR arrays were first used to identify expression levels of 168 genes of
interest.

The DESeq2 analysis identified 26 DEGs between RPCs stimulated with electro -

chemotactic fields versus stimulation with SDF-1 fields, only. As seen in Table 8, 22 genes were
down regulated and 4 genes were upregulated in the RPCs treated with electro-chemotactic fields ::
(1) Talin 2, a protein associated with focal adhesion formation, links integrins to the actin
cytoskeleton143,

144 ; (2)

lmo7, important in many protein-protein interactions145 ; (3) JUP, a protein

that forms distinct complexes with cadherins and desmosomal cadherins and is a member of the
catenin family146,

147 ; and

(4) Svil, a protein tightly associated with both actin filaments and plasma

membranes, suggested for roles as a high-affinity link between the actin cytoskeleton and the
membrane148 . This list of DEGs was then used for PAGE with the KEGG gene sets to deter mine
enriched or overrepresented metabolic pathways. The most significant pathways as shown in
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Figure 34. For clarity, the enriched pathways, p-values and associated genes are summarized in
Table 9. PAGE was used to develop the 2 most significantly enriched signaling pathways, the
Rap1 signaling pathway and the adherens junction pathway, as shown in Figure 35. This data
illustrates the computed total perturbation of each gene within the signaling pathway, accounting
both for the gene’s fold change and the accumulated perturbation propagated from upstream genes.
This diagram illustrates significant downregulation of the proteins involved in adherens junctions
(cadherins and β-catenin) and focal adhesions (cdc42 and integrins) – highlighted in yellow, and
upregulation of genes RalGDS and Ral – highlighted in purple, two proteins that have strong
promigratory effects through actions on the actin cytoskeleton149 .

Discussion
This project illustrated that RPC cells can migrate with increased directionality and
distance in response to superimposed electro-chemotactic fields. While our lab and numerous
others have previously demonstrated that CNS cells are able to migrate towards signaling from
chemoattractants using microfluidic systems94,

106, 135, 150, 151, there

has been far fewer studies that

have applied these techniques to the study of the retina. Microfluidics enables the precise control
of the concentration gradient fields facilitating quantitative study of cell migratory responses to
multiple stimuli. Harnessing this, the Gal-MuS device is unique in that it can superimpose SDF-1
with EF without affecting the concentration gradient imposed upon cells. As a result, it provides a
powerful tool with which to evaluate cell responses to external stimuli, mechanistically (Figure
29). Microfluidic data show that the migration of RPCs towards increasing SDF-1 gradient and
applied EF is significantly enhanced in the combinatory field compared to either field alone. The
net migration during combinatory stimulation remained in the direction of the cathode and with
similar levels of directedness as seen during individual field treatments.
distance traveled was increased significantly (Figure 31).

However, the total
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Previous work with CNS cells and EF suggested that EF can cause redistribution of cell
surface receptors to thereby alter receptor sensitization76,

152 .

In such a scenario, RPCs would

exhibit an asymmetric redistribution of CXCR4 activation compared to control or to SDF-1 stimuli.
However, immunofluorescence assays revealed no differences in either CXCR4 or p-CXCR4
distribution (Figure 33). Furthermore, the PCR expression data illustrated that EF stimuli did not
cause any genetic alterations of the CXCR4 receptor (Figure 32). These findings suggest that a
synergistic relationship occurs downstream of, and independently from, the ligand-bound
receptors.
We then investigated possible intersections of signaling pathways downstream of
CXCR4via qPCR array to examine the difference between chemotactic signaling and combinator y
signaling on the expression of genes associated with cell adhesion and motility. Differentia lly
expressed genes (DEGs) that showed enrichment in possible synergistic pathways were identified
and pathway analysis examined the most significantly perturbed processes downstream of DEGs.
From this, we hypothesize that reduced cell adhesion sites, Figure 35, (through the down regulatio n
of their constituent proteins such as cadherin and β-catenin) and cytoskeletal reorganiza tio n
(through upregulation of RalGDS and Ral1) may represent synergistic points between the
electrotactic and chemotactic signaling.

The upregulation of proteins like RalGDS and Ral1,

suggest that we can expect increased cytoskeletal remodeling and organization, possibly resulting
in increased cell migration. This corresponds with findings in the literature, that describe reduced
cell adhesion correlated to improved migratory rates 153, 154 . Reducing cell adhesion works to reduce
the amount of traction forces generated by the cell, and thus, reduce the overall contractile force
necessary to pull the cell forward, speeding up cell migration. Focal adhesions act to generate
force in opposition to the contractile force that causes the cells to move, by reducing the opposition

CONTROLLED M IGRATION OF RETINAL PROGENITOR CELLS WITHIN ELECTRO-CHEM OTACTIC FIELDS

78

force, the cells should migrate even more quickly. Further, the upregulatio n of proteins associated
with cytoskeletal organization, including Rac and RalGDS, may indicate increasing lamellipod ia l
projections and extension forces within the RPCs studied 155, 156 . Increasing extensive forces and
reducing adhesion forces may, therefore, facilitate enhanced RPC migratory speeds.
This study illustrated the potential of activating synergistic chemotactic and electrotactic
pathways to dramatically improve the migratory response of retinal progenitor cells. Such
innovative strategies can lead to the development of improved migration-targeted cell replacement
therapies as well as cell-based reparative treatments more generally.

Figures and Tables

Figure 28. Schematic of transplanted retinal progenitor cells migrating into damaged host retinal tissue.
Image shows RPE from eye posterior to ganglion cells of the optic nerve (right to left, not to scale).
Progenitor cells are transplanted between the ONL and the RPE, where they are then induced to migrate
into the retina to replace damaged tissue.
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Figure 29. Design and Operation of GalMuS microfluidics device. (A) Schematic illustrating GalMuS
operation. Cells are loaded into one side of the device while a desired chemical stimulant is loaded into
the other. The chemical gradient generated within the culture chambers is controlled via the volume flow
ratio of Q1 :Q2 . The electrodes placed on either side allow for controlled concurrent electrical field
stimulation. (B) Image of fabricated PDMS device demonstrating electrode placement and composition.
(C) Computer-derived electric field profile within the GalMuS, electric field strength V= 100mV/mm.
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Figure 30. Schematic representation of the directedness parameter, D T. The directedness is defined as the cos(θ),
where θ represents the the angle between a cell’s end-to-end vector and the projection of electric field lines. The
average directedness for a sample is the sum of the directedness of all cells in the sample divided by the total number
of cells, n.

Table 7. Primers used for reverse transcription-polymerase chain reaction of retinal
progenitor Cells (RPCs).
Gene

Assay ID

UniGene

GenBank

Size
pairs)

GAPDH

Mm99999915

Mm.304088

NM_001289726.1

107

CXCR4

Mm01996749

Mm.1401

NM_009911.3

105

(Base
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Figure 31. Net migration distance of RPC cells in response to different stimuli: Electric field, Chemotactic field,
Combinatory Electro-Chemotactic field and control (no external fields) Electric and chemotactic stimuli are both
significantly greater than control, * (p<.05), but are not significantly different from one another. Combinatory
stimulation was larger than either stimulus alone ** (p<.05) against control. N=3 independent microfluidic devices.
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Figure 32. Gene expression of CXCR4 is altered by chemical stimulation but not
electrical stimulation. mRNA levels in RPCs were quantified by real time PCR for different
stimulation conditions: Electrical, Chemotactic, Combinatory electro-chemotactic and control
(no external fields). Chemotactic and combinatory stimulation were significantly greater than
control, p<.05, but electrical stimulation was not.
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Figure 33. Co-localization of CXCR4 and p-CXCR4 via Stimulated Emission Depletion Confocal
Microscopy (STED). Confocal image of (A) Control (B) Electric field stimulation, (C) SDF-1 stimulation.
(D) Combined Electric field and SDF-1 stimulation. (E) Average cross-sectional distribution of CXCR4
expression across cell membranes for stimulation conditions.
Table 8. The most differentially expressed genes (DEGs) in chemical stimulation compared to combinatory
electro-chemotactic stimulation, as per PAGE (excluding oncogenic pathways), p<0.05.
GENE

FOLD

P-VALUE

SYMBOL

CHANGE

TLN2

-15.88

0.000319

LMO7

-8.1

0.000171

SVIL

-4.06

0.00091

JUP

-4.02

0.004854
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Figure 34. Heat Map of PAGE for the 20 most significantly enriched KEGG pathways between chemotactic (SDF -1
only) and combinatory electro-chemotactic stimulation. Color intensity represents degree by which a pathway is
activated (blue) or suppressed (red).

Table 9. The most significantly enriched pathways and associated genes (p < .05) per
PAGE analysis
Pathways

Rap1 signaling
pathway

adj.Pval

Genes
Actb Akt1 Rhoa Ctnnb1 Ctnnd1 Cdc42 Cdh1 Bcar1 Crk Csf1 Egf Egfr

0.000155

Fgf2 Hgf Igf1 Igf1r Itgb1 Itgb2 Itgb3 Met Pfn1 Pik3ca Prkca Plcg1 Rac1
Rac2 Src Tln1 Vasp Vegfa Farp2 Dock4 Mapk1 Rala Tln2 Pard3
Actn1 Actb Rhoa Ctnna1 Ctnna2 Ctnnb1 Ctnnd1 Cdc42 Cdh1 Csnk2a1

Adherens junction

0.000279

Csnk2a2 Csnk2b Egfr Igf1r Met Ptpn1 Rac1 Rac2 Sorbs1 Src Ctnna3
Tjp1 Vcl Was Farp2 Wasf2 Mapk1 Iqgap1 Lmo7 Actn4 Wasl Wasf1
Pard3

Focal adhesion

0.00608

Mylk Actn1 Actb Akt1 Rhoa Capn2 Ctnnb1 Cav1 Cdc42 Bcar1 Crk Egf
Egfr Ptk2 Hgf Igf1 Igf1r Ilk Itga4 Itgb1 Itgb3 Met Pak1 Pik3ca Prkca
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Pten Flna Pxn Rac1 Rac2 Rock1 Src Tln1 Vasp Vcl Vegfa Zyx Mapk1
Flnb Actn4 Tln2 Pak4
Fc gamma Rmediated

0.00913

phagocytosis
Chemokine signaling
pathway
Axon guidance

0.0399

0.0445

Akt1 Arf6 Cdc42 Cfl1 Crk Dnm2 Limk1 Pak1 Pik3ca Prkca Plcg1 Pld1
Rac1 Rac2 Vasp Was Wasf2 Mapk1 Wasl Wasf1

Akt1 Rhoa Cdc42 Bcar1 Crk Ptk2 Pak1 Pik3ca Ptk2b Pxn Rac1 Rac2
Rock1 Src Stat3 Was Mapk1 Wasl Pard3
Rhoa Cdc42 Cfl1 Enah Ptk2 Ilk Itgb1 Limk1 Met Pak1 Pik3ca Prkca
Plcg1 Rac1 Rac2 Rock1 Src Rasa1 Mapk1 Pak4
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Figure 35. Most significantly-enriched KEG signaling pathways. The pathway diagram is overlaid with the
computed total perturbation of each gene. The total perturbation accounts both for the gene’s measure
fold change and for the accumulated perturbation propagated from any upstream genes which is referred
to as total accumulation. The highest negative perturbation is shown in dark blue, while the highest positive
perturbation is shown in dark red. The legend highlights different gradients in between. Downregulated
proteins of interest are highlighted in yellow, while upregulated proteins are highlighted in purple. (A)
Rap1 signaling pathway and (B) adherens junction signaling pathway.
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Chapter 5: Ex Vivo Experiments
Introduction
Retinal diseases are a significant and increasing cause of blindness worldwide. They are
the number one cause of childhood blindness157 , and effect roughly 1 in 10 Americans over the
age of 40158 . With the increasing prevalence of diabetes, these numbers are only expected to
continue to climb159 . It has long been thought that little in the way of therapy can be done to
address retinal diseases, however in the last several decades significant headway has been made
in cellular regenerative therapies160 . However, there are still many roadblocks preventing the
progression of retinal cell transplant therapies from becoming widely feasible 160 .
Previous work from our group has evaluated the in vitro migratory behavior or retinal
progenitor cells (RPCs) and photoreceptor precursor cells (PPCs) in response to combined
gradients of signaling ligands and electric fields utilizing 2D microfluidics devices 135 . The
current work examined the ability of combined chemotactic and electrical fields to direct the
migration of transplantable RPCs, which may help achieve the appropriate retinal positioning
needed for integration in vivo, in a 3D eye-facsimile model. Experiments utilized a unique 3D
PDMS system, called the Ex Vivo Eye-facsimile System or EVES, combined with sodium
alginate beads to generate tunable stimulation fields to drive RPC infiltration. Results suggest
that a combined stimulation approach could dramatically improve transplantation efficiency and
thus efficacy. These findings highlight the exciting potential of advancing regenerative
transplantation strategies by stimulating synergistic cell responses to electrical and chemical
stimuli.

Materials and Methods
Device Design
The EVES was designed to facilitate stable chemical and electrical stimulation of a
spherical hydrogel sandwiched between two soft PDMS electrodes, Figure 36. 3D models of the
device molds and the lid were designed using Autodesk Inventor (Autodesk, USA). The EVES
is comprised of three main components. the lid, used as a medium reservoir; the cell chamber,
containing both an electrode (used as the anode throughout this study) and a 6mm diameter
reservoir used to hold transplanted cells; and the bead chamber, containing the second electrode
(used as the cathode throughout this study) as well as a 4mm diameter reservoir used to hold the
hydrogel bead. The middle cell chamber reservoir also has 4 holes that penetrate through the
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layer. These holes act as ports to allow for medium and nutrient transport between the lid and the
cell and bead chambers.
The electrodes are comprised of 80%w/v silvered PDMS that are embedded between two
layers of nonconductive PDMS. The nonconductive layers act as insulators to prevent a short
circuit between the two electrodes ensure that an electric field is generated across the bead and
cell chambers.
Device manufacturer and preparation
To manufacture the devices the master molds for the bead chamber and cell chamber as
well as the medium lids, retainers and lid clamps were 3D printed through SLA printing into
Formlabs clear v4 resin (Cat# RS-F2-GPCL-04, Formlabs, Somerville, MA) using a Formlabs
Form 2 3D SLA printer (Formlabs, Somerville, MA) with a 25µm layer thickness. Following
printing, master molds were UV-cured at 405nm for 10mins. This is to ensure there is no
uncured resin remaining on the surface of the molds.
The base PDMS used to cast each of the lower two components was created by mixing
sylgard 184 elastomer base with the curing agent 1:9. A third of this mixture was then mixed
with silver nanospheres 80%w/v to create the conductive PDMS to be used as the electrodes.
The casting of each layer took place in three steps. First, a small amount of nonconductive PDMS was poured into each mold, enough to fill the molds ⅓ of the way up,
approximately 1ml. The molds were then placed in an 84C oven to partially cure for 10mins.
Exact times may vary due to actual oven temperatures and variability, but the important aspect is
that the PDMS retain some degree of tackiness to allow for bonding to the next layer. Next, the
silvered PDMS was add onto of the previous layer, approximately 1ml, to create an electrode
layer. Leads were inserted into the layer through the lead holders in the mold and the entire
assembly was placed into the oven for 10, similarly to the previous layer. Finally, a final layer of
non-conductive PDMS was added to the top of each mold, approximately 1ml, to insulate the
electrode layer. The molds were placed into the oven to cure completely, approximately 15min.
Once cooled and set the components were demolded, cleaned with ethanol and sterilized under
UV overnight prior to assembly and use.
R28 Cell Culture and Preparation.
Multi-passage retinal precursor cells (R28) (EUR201, Kerafast, Inc, Boston, MA) were
cultured in polystyrene culture dishes that had been coated with poly-L-lysine (P8920, Sigma-
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Aldrich). Cells were cultured in DMEM containing 100 mg/mL penicillin-streptomycin, 4.5
mg/mL L-glutamine, 100 mg/ml penicillin–streptomycin and 10% FBS.
Prior to experiments R28 cells were treated with Cytotracker Green, as per the
manufacturer’s directions, to aid in cell visualization. In short, stock Cytotracker Green was
reconstituted with DMSO (10.8ul) to 10ml. The stock solution was diluted 1:1000 into
prewarmed Serum Free Medium to create the working solution. Enough treated medium was
added to cover the cells and they were incubated for 45min at 37C. After which time, the cells
were rinsed with fresh medium and detached from the flask for use.
Create Alginate Beads
A 5%w/v ionic gelling solution was made by dispersing either calcium lactate (bolus
release) or zinc chloride (sustained release) in DI water.
A 2%w/v solution of sodium alginate was made by mixing sodium alginate powder in DI
water at 400rpm at 95C. The resultant mixture was degased under vacuum for 15min or until
there were no signs of trapped air bubbles.
To form the alginate beads, the sodium alginate solution was added dropwise to the ionic
solution using a 1ml syringe (bd). The beads were allowed to gel completely in the ionic solution
for one hour under 400rpm rotation. They were then removed from the ionic solution and rinsed
with DI water to remove any excess cations. Finished control beads were stored in DMEM at 4C
until use.
For the chemical field studies, beads were loaded with SDF-1. To load beads with SDF1, beads were allowed to soak in growth factor treated medium (100ng/ml) overnight, the day
before use.
Measuring Alginate Beads Drug Release
Alginate beads were loaded with fluorescently-tagged 10kD dextran to simulate the
release of SDF-1. The beads were then placed into 15mL conical tube with 10mL of PBS.
Every timepoint, an aliquot of PBS was removed and placed onto the plate reader to measure the
drug release. The drug content was analyzed by emission intensity via fluorometer (get model
and manufacturer from Mykel). The Bradford method(ref) was used to determining initial
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loading intensity. Briefly, 10 beads were dissolved in 10%w/v sodium citrate solution
immediately after loading. An aliquot from the resulting solution was then measured via plate
reader to established maximal loading intensity.
Encapsulate cells in Matrigel
Corning® Matrigel® basement membrane matrix was thawed overnight by submerging
the vial in ice in a 4°C refrigerator before use. On Day 0, the Matrigel matrix was diluted to 5
mg/mL with ice-cold complete cell culture medium (DMEM + 10% FBS). All cultur 161 eware and
reagents that came in contact with Matrigel matrix were kept on ice during the entire operation
process. Using pre-chilled tips, the cell holding chamber was coated with 10 μL of Matrigel
matrix (5 mg/mL), spread evenly with a pipet tip, and incubated at 37°C for 30 min. to form gel.
R28 cells were detached from a monolayer to make a single-cell suspension, and then
centrifuged at 125g for 3 min. at room temperature (RT). Cells were not more than 85%
confluent. Cells were re-suspended in complete medium and the cell density was adjusted to 5 ×
106 cells/mL. 10 μL of prepared cell suspension were added to 90 μL Matrigel matrix solution (5
mg/mL), kept on ice, for a final cell density is 5 x 105 cells/mL. 100uL of cell-Matrigel solution
was added to the cell chamber layer of EVE system. The system was then incubated at 37°C for
30 to 45 min. Note: The volume of the cells should not be over 10% of the Matrigel solution to
ensure the diluted Matrigel solution can polymerize properly into a matrix.
Assemble and Run System
To assemble the EVE system, 1 alginate bead per device was placed into the lower
PDMS bead chamber.
The top Matrigel seeded cell chamber was sealed to the bottom bead chamber using a
thin bead of vacuum grease and slight pressure, careful to prevent any Matrigel from being
expelled through the transport ports in the cell chamber. The sealed layers were then fitted into
the retainer, to ensure proper alignment and ease handling. The medium lid was then sealed to
now assembled base with vacuum grease. The lid clamp was secured to the retainer to ensure the
system is structurally sound and will not unseal during movement. The now sealed system was
loaded with pre-warmed medium through one of the top ports in the medium lead. For electrical
studies, the electrodes were attached to a voltage source, with cathode (+) lead on the bottom. To
achieve a 100mV/mm electric field, the trans-chamber voltage was set at 650mV. Samples were
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then stimulated for 12hrs. After which time, devices were disassembled, and the beads were
processed as follows.
Fixation and Cryosectioning of Samples
Following stimulation, the alginate bead was collected from EVE bead chamber and
placed in fixation solution for 30min containing 4% paraformaldehyde containing 50 mM
sucrose and 10 mM CaCl2 to ensure that the gel stays solid and fully encapsulates tissue during
fixation. Following fixation, the beads were then rinsed with OCT solution and placed into 2ml
of fresh OCT solution at 4°C overnight to cryoprotect the samples. Following cryoprotection the
beads were placed into cryomolds and embedded in fresh OCT solution. The cryomolds were
then frozen using an ethanol/dry ice slurry. Frozen samples were sectioned into 20µm sections
onto glass slides using a Leica CM1950 cryostat.
Imaging
Sectioned samples were mounted onto glass slides using ProLong Gold Antifade
Mountant (P36930 Invitrogen) and imaged using a Nikon Eclipse TE2000 epifluorescent
microscope (Morrell Instruments, Melville, NY).
Data Analysis
Image analysis for the ICC images was performed utilizing ImageJ. Automatic cell
counting and penetration depth analysis were performed using ImageJ Analyze Particles
package. One-way ANOVA analyses were performed using Matlab r2017b (The Mathworks,
Inc).

Results
EVES Manufacturing and Design
This study developed the EVES to quantitatively stimulate and monitor retinal cells using
combination of electric and chemical fields. The device was built as three separate pieces. The
top component comprised of the medium reservoir lid which aligned and was sealed on top of
the cell chamber layer. The cell chamber layer consists of a conductive slivered=PDMS layer
sandwiched between two nonconductive PDMS layers. At the center of this layer is a 6mm
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diameter hemispherical indentation for cell seeding with 4 additional transport holes piercing
from the top of the depression through the width of the layer to connect to the medium reservoir
above. The middle cell chamber layer was aligned with and sealed to the lower bead chamber
layer. The bottom bead chamber layer is similarly composed of three PDMS layers, two normal
layers and one silvered layer, with a 4mm hemispherical depression in the center that aligns with
the cell chamber of the layer above. The two depressions are meant to align to put the
transplanted cells into contact with the sodium alginate bead. The depression sizes here have
been optimized to simulate the size of an average mouse eye at 3.2mm161 . The additional space
in cell chamber depression is necessary to account for the space occupied by the Matrigel. It
ensures that when the layers are sealed together none of the cell-laden Matrigel is squeezed out
through the ports. The device makes use of the two soft electrodes to produce an electric field
across the combined chamber to allow for examining the effect of electrotaxis on transplanted
cell infiltration rate and efficiency.

Figure 36 Device Schematic (Left) Exploded parts diagram of device components. (Lid) Top chamber
used to provide fresh medium to the system. (Cell Chamber) Middle electrode chamber. Depression used
to house cell-seeded Matrigel. (Bead Chamber) Bottom electrode chamber. Depression used to house
alginate bead eye facsimile.

Alginate Release Profile
To control the chemical environment within the EVES, the sodium alginate beads were
used not only as eye facsimiles but also as drug delivery vehicles.

Previous work in our lab has
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Thus, to ensure

that the transplanted cells in our study were exposed to a steady gradient, two different
formulations were tested for their ability to control the timespan of drug release, calcium lactate
and zinc chloride. Previous studies have shown that calcium lactate derived alginate has a rapid
release profile while zinc chloride derived alginate has a slower, more linear release. This
release from both formulations was verified, Figure 37. Figure 37A shows that calcium lactate
derived beads have a rapid release of encapsulated drug, with 42% of the drug released within
the first hour, followed by a tapered release over the next 5hrs. Figure 37B shows that zinc
chloride derived beads have a slow and relatively linear release profile. Only 19% of the
encapsulated drug was released over the 24hour monitoring period. These results match with
what has been previously reported in literature 162,

163 .

Figure 37 In vitro release profiles of 10kD dextran (mean±S.D.; n=3) (A) Calcium Lactate-crosslinked
sodium alginate beads (B) ZnCL2 -crosslinked sodium alginate beads.

Transplanted RPC Infiltration
CellTracker Green containing R28 cells were seeded into Matrigel within the cell
chamber and stimulated overnight via SDF-1 (100ng/ml), electric field (100mv/mm), or both
SDF-1 and electric field to induce migration and infiltration into an alginate bead to measure the
effectiveness of the combined stimulation in inducing transplanted cell infiltration. Fluorescent
images were analyzed to quantify the number of R28 cells that penetrated the alginate bead as
well as to estimate the overall infiltration efficiency for each stimulation condition.
Representative images for each stimulation condition as well as control can be seen in Figure 38.
Analysis of 20µm thick cyrosections showed that: control stimulation had little cell infiltration
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with a median cell penetration depth of 4.58µm±7.98µm, less than one cell-width, Figure 39A,
per section (n=10 sections); electric field stimulation displayed 9.3% ± 4.06% infiltration
efficiency, Figure 39E, with a median cell penetration depth of 70.26µm ± 54.77µm, Figure 39B,
per section (n=10 sections); SDF-1 stimulation displayed 9.3% ± 4.06% efficiency, Figure 39E,
with a median cell penetration depth 70.26µm ± 54.77µm, Figure 39C, per section (n=10
sections); and combined SDF-1 and electric field stimulation displayed 48.8% ± 10.2%
infiltration efficiency, Figure 39E, with a median cell penetration depth of 196.56µm ±
114.84µm, Figure 39D.
A one-way ANOVA was performed comparing the penetration depths between
stimulation condition. There was a significant effect of stimulation condition on penetration
depth at p<.01 for the three test conditions (F(3,346) = 75.0094,p=2.14e-37). The Tukey HSD
post-hoc test indicated that that Combo displayed significantly more migration than control, EF,
and SDF-1 stimulation (p-value = 3.77e-9). However, EF and SDF-1 stimulation were only
significantly greater than control (p-value = 1.28e-4), and no different from each other, Table 1.
A one-way ANOVA was performed comparing the infiltration efficiency between
stimulation condition. There was a significant effect of stimulation condition on infiltration
efficiency at p<.01 for the three test conditions (F(2,36) = 164.62,p=4.50e-21). The Tukey HSD
post-hoc test indicated that that Combo displayed significantly higher efficiency than control, EF,
and SDF-1 stimulation (p-value = 3.76e-9). However, EF and SDF-1 stimulation only displayed
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significantly greater efficiency than control (p-value = 1.37e-4), and no different from each other,
Table 1.

Figure 38 Representative Fluorescently labeled R28 Infiltration into Alginate Beads (A) Control, no
stimulation (B) Electric field stimulation. Red and green outlines used to highlight bead edge (C) SDF-1
stimulation (100ng/mL) (D) Combination EF and SDF-1 stimulation.
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Figure 39 R28 Penetration Depth and Transplant Efficiency (A) R28 penetration histogram under control
conditions (B) R28 penetration histogram under 100mV/mm (650mV total) electric field (C) R28
penetration histogram under combined SDF-1 (100ng/mL) and 100mV/mm (650mV total) electric field
stimulation. (D) Penetration efficiency for each stimulation condition (mean, st.dev, 10 sections per
sample, and 3 samples)
Table 10 One-way ANOVA of penetration depth across stimulation conditions

Group
Comparison
Control vs
EF
Control vs
SDF-1
Control vs
Combo
EF vs
SDF-1
EF vs
Combo
SDF-1 vs
Combo

P-value
0.0001276
0.0001276
3.77E-09
1
3.77E-09
3.77E-09
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Table 11 One-way ANOVA of infiltration efficiency across stimulation conditions

Group
Comparison
Control vs
EF
Control vs
SDF-1
Control vs
Combo
EF vs
SDF-1
EF vs
Combo
SDF-1 vs
Combo

P-value
0.0001369
0.0001369
3.77E-09
1
3.77E-09
3.77E-09

Discussion
The EVES mimics the in vivo scale and geometry of the mouse eye, and is, to our
knowledge, the first 3D in vitro system aimed at studying cellular transplantation efficiency. By
combining the embedded silvered-PDMS electrodes with the controllable drug release profile of
sodium alginate, we have produced a system that is uniquely flexible in its ability delivery
cellular stimuli over many timescales. While we only utilized the system for a relatively short
stimulation period (overnight), it was designed to act as a long-term bioreactor. The ports on the
lid allow for easy connection to external pumps for medium replacement and nutrient
replenishment to sustain the cells for prolonged studies.
Both cell penetration depth and cell infiltration efficiency were shown to increase with
stimulation as compared to control. Addition of electric field or SDF-1 alone demonstrated
similar infiltration efficiencies as has been previously reported for cellular transplantation164-166 .
The results of the combined stimulation dramatically increased both measures. In the case of
infiltration efficiency, the increase ~5x greater than either SDF-1 or EF stimulation. This is
exciting as patient outcomes from transplantation therapies are directly related to the number of
cells that infiltrate and integrate with host tissue

167 .

Thus, higher infiltration efficiency will

directly lead to improved treatment efficacy. Additionally, low infiltration efficiency has been
one of the primary roadblocks preventing transplantation therapies from moving forward 168 .
This is twofold, firstly, low efficiency means that millions of cells are required to be transplanted
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to see any benefit. This is prohibitive in the time and cost it takes to expand enough progenitor
cells168 . Second, the large number of cells left behind in the subretinal space can lead to
disruption of the retinal pigment epithelium and, thus, possible damage to the visual system
negating the benefits gained from the transplantation in the first place 160 . The results here point
the way towards a treatment optimization that could overcome these hurdles.

Conclusion
In this paper, we have successfully realized a 3D rapidly prototyped platform to study
differentially applied chemical and/or electrical cellular stimulus. We utilized some of the
EVES’ potential to explore the synergistic effects of combined chemical and electrical induced
migration in a 3D eye facsimile system as means to inform cellular transplantation therapy. The
exciting results of this study suggest that combinatory stimulation with electrical and chemical
fields may be able to drive transplanted cells into host tissue, thus improving transplant
efficiency, and thus, treatment efficacy. Further in vivo study of the cooperative cellular
mechanism(s) that facilitate this behavior will greatly aid the development of regenerative
therapies in the eye and nervous system.
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Chapter 6: Summary
Summary
While these studies demonstrate that a cellular method for retinal regeneration is possible,
the field is still in its infancy113 . There has been little work done on identifying the cellular and
molecular signals involved in the integration process. Since the cells must move from their place
of insertion into the retina, their migration marks a key mechanism for tuning improvement. Of
primary concern is the mechanism governing the progenitor cell’s migration and what methods
can we employ to control and tune it so as to increase treatment efficacy and patient outcomes.
These studies highlight

the importance

of cell migration

in transplantation

therapies.

Understanding of the mechanisms by which the RPCs migrate into the retina and determining to
what extent these mechanisms can be targeted to control and direct retinal cell migration and
integration are key hurdles to overcome the limited efficacy of current treatments. To that end, we
propose a novel set of microfluidic systems that can recapitulate different aspects of the retinal
physiology, to study the role of external stimuli on retinal progenitor cell migration in a highly
controlled manner.

Aim 1: Detecting Retinal Progenitor Cell (RPC) migratory behavior in the presence of a chemical
stimulus.
1A.) Design a fluidic device which mimics the geometry and scale of mouse and human retinas.
sing modern soft lithographic techniques, we have developed the μRetina, a novel and
convenient biomimetic microfluidics device capable of examining the migratory behavior of
retinal lineage cells within biomimetic geometries of the human and mouse retina. Coupled
computer simulations and experimental validations were used to characterize and confirm the
formation of stable chemical concentration gradients within the μRetina.
1B.) Measure cell viability and cell migration towards cytokine fields.
RPCs viability was measured within the uReitna to comparable to those cultured in
traditional culture flasks. Additionally, cell morphology and lineage were not significantly altered.
Real-time images within the device captured radial and theta cell migration in response to
concentration gradients of stromal derived factor (SDF-1), a known chemoattractant. Migratio n
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analysis showed cells migrating above a threshold concentration of 100ng/mL of SDF-1 at a rate
of 2.83µm/hr.

Aim 2: Identify RPC migratory behavior in presence of chemical and galvanotactic stimulation.
It is known that during wound healing events, cells will sense endogenous electric fields
created by the injury event, and that these electric fields plays a role in inducing and guiding cell
migration64,

121, 169.

It is proposed that electric fields could provide a noninvasive tool to aid in

directing cell migration77,

80, 170 .

Further, we propose that applied electric fields could be used to

direct RPC migration and that it could provide a complimentary enhancement along with growth
factor induced migration. These studies aim to examine the migratory behavior of RPCs in
response to electric fields alone and in combination with chemical fields.
2A.) Utilize microfabrication techniques to design a fluidics device that can provide controlled
stimulation of both electric and chemical fields.
Using multi-step photolithography and soft lithography, we created a two-tiered microfluid ic
device called the Galvanic Macro-micro System, or Gal-MµS. The Gal-MµS consisted of two cell
seeding regions separated by a 100µm-wide microchannel array. Computational modeling was
performed to estimate small molecule diffusion kinetics within the Gal-MµS for static and
controlled flow conditions. The static condition provided information on bulk diffusion within the
system, while controlled flow demonstrated that diffusible signals could be sequestered to one side
of the device. Computational modeling was confirmed experimentally with fluorescent tracers.
2B.) Provide evidence of cell viability and characterize cell migration towards electric fields.
Four nervous system cell types and one control cell type were used to assess viability within
the Gal-MµS. all five cells lines showed viability to be greater than 90%. We utilized real-time
imaging within the device to capture cell trajectories for five cells lines in response to electric
fields. Our data demonstrated that the cells stimulated via electrotaxis display high directionality,
as well as rapid migration towards the stimulating cathode.
2C.) Characterize cell migration in complementary electric and chemical fields.
We utilized real-time imaging within the device to capture cell trajectories for five cells
lines in response to electric fields and chemical gradients, individually, as well as in combinator y
fields of both. Our data demonstrated that neural cells migrated longer distances and with higher
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velocities in response to combined galvanic and chemical stimuli than to either field individua lly,
implicating cooperative behavior.

Aim 3: Design and develop a 3D in vitro system which adequately mimic an eye, to study the
effects on combined stimulation fields on transplantation efficiency in vitro.
Using 3D rapid prototyping techniques, we developed a unique 3D multi- layered PDMS
system, called the Ex Vivo Eye-facsimile System or EVES. This system, when combined with
sodium alginate beads, can generate mutltple tunable chemical and electrical stimulation fields to
drive retinal progenitor cell infiltration into the eye facsimile. Results suggest that a combined
stimulation approach could dramatically improve transplantation efficiency by as much as 400%.

Limitations
The primary limitation of this work is that it is not done in vivo. While every attempt was
made to mimic the characteristics of the retinal environment, is still does not possess the cellular
and architectural complexity of the native retina. The retina has hundreds of millions of cells
with 22 different cell types all interacting with one another in and interconnected 3D
environment. The Gal-MµS and EVES simplify much of this away to supplied chemical signals
or studies of isolated cell behavior. The Gal-MµS is further limited in its 2D nature. While its
microfabrication does allow the cells to sense some 3D constraint, much of the cell body exists
in an 2D environment.
As stated above, the native retina has copious cell types interacting with one-another.
While we are primarily concerned with the behavior of transplanted RPCs, it is of note, that for
any transplantation therapy to be truly effective, the cells must integrate with the host tissue.
This necessitates that they communicate with other retinal cells. While the current work does not
consider this cellular communication, it is worth noting that the devices designed here are
flexible enough to allow for co- and multi-culture to study a simplified version of it. This could
prove to be predictive for cellular behavior in vivo.

Future Work
For future work, the next logical step is to test the synergistic effect findings in an in vivo
model. To extend these findings work will need to be done to establish a protocol for creating a
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stable concentration gradient within the host eye in a manner that does not upset the complex
retinal architecture as well as a means of applying an external electric field to the eye as
minimally invasively as possible. With regards to the chemical gradient, possible avenues
include intravitreal injections as well as subconjunctival injection171 . Transcranial direct current
stimulation could provide a unique noninvasive means of applying the required electric field.
Optimizing transplanted cell infiltration into the host retina is only the first step. For the
treatment to be truly successful the transplanted cells must not only move into the host tissue but
must fully integrate with it. This would require long term in vivo studies, allowing enough time
for the cells integrate and adapt to the host tissue. Functiona lity measurements could be done via
electroretinograms. This would demonstrate whether the behavior seen here extends in vivo.
The applicability of the Gal-MµS and EVES are not limited to just studies of the eye.
Any cell behavior that can be affected by multiplexed stimulation can be studied using these
systems. Their flexible designs limit their utility only to the imagination of the user. The GalMµS can be used to study other neural systems. Since neurite outgrowth is increased by the
simultaneous presentation of Schwann cells and electric fields, one such example could be
building an in vitro electrochemical disease model utilizing Schwann cells to study the signaling
of supporting glia during repair. By altering where the cells are within the EVES, entirely new
models can be built. Imbedding neurons within the central alginate bead would allow for the
study of the effect of electrical stimulation on neuronal sprouting, providing a novel 3D system
for studying neural repair.
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